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Chemical Interactions between Potassium, Nitrogen, Sulfur and Carbon Monoxide in 
Suspension-Fired Systems 
THOMAS ALLGURÉN 
Energy Technology 
Department of Space, Earth and Environment 
Chalmers University of Technology 
Abstract 
Drastic cuts in global CO2 emissions are needed to mitigate global warming and limit the 
average temperature increase to well below 2ºC. The power generation sector is largely 
based on fossil fuels and generates a significant share of the global CO2 emissions. Thus, 
new power generation processes with substantially reduced CO2 emissions need to be 
employed to mitigate global warming. Two alternatives that may be part of the solution is 
the replacement of coal with biomass or to apply the concept of carbon capture and storage 
(CCS). In CCS processes the CO2 is captured and processed on the plant site and thereafter 
transported to a storage location. Oxy-fuel combustion, which has been studied in this 
thesis, has been demonstrated in large-scale pilot plants (30-60 MW). This work 
investigates the possibilities to co-combust biomass and coal in oxy-fuel combustion with 
CO2 capture. Biomass combined with CO2 capture has the potential to contribute to 
negative CO2 emissions. However, the high temperature corrosion (HTC) and the related 
K-Cl-S chemistry need to be studied in detail to determine the potential consequences for 
corrosion on heat transfer surfaces. This, since the use of biomass in power generation is 
problematic due to the relative high content of alkali (mainly potassium) and chlorine. 
Together these compounds form KCl, a salt that causes corrosive deposits and subsequent 
issues with so called high temperature corrosion (HTC). When sulfur is present, alkali 
sulfates may form instead of alkali chlorides. Sulfates have a higher melting point and 
causes less problems with corrosion and sulfates are therefore preferred instead of 
chlorides. 
The work in this thesis is based on experiments performed in a 100 kW combustion unit 
and modelling of chemical kinetics. Both the experimental and modelling results show that 
a high SOX concentration is preferable to achieve a high degree of sulfation of the alkali 
chlorides. In oxy-fuel combustion, the SOX concentration is typically high due to flue gas 
recycling that enables almost complete potassium sulfation in some of the studied oxy-
combustion atmospheres. This makes oxy-fuel combustion an attractive process for co-
combustion of coal and biomass, since alkali chloride formation can be suppressed. In 
addition, the effect of KCl and SO2 on the CO oxidation and NO formation has been studied 
in both experimental and modelling work. The results show that KCl can promote CO-
oxidation in a CO2 rich environment. However, no change was observed for the total 
burnout time even though the CO concentration was decreased locally. Regarding the 
nitrogen chemistry, KCl was found to inhibit the formation of NO whereas SO2 promotes 
the oxidation of already formed NO to NO2. 
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1 Introduction 
Today, it is generally accepted that the global temperature increase is largely a result of 
anthropogenic use of fossil fuels [1]. As a consequence, interest in alternative energy sources 
such as biomass and waste-based fuels, has increased drastically in recent years. The global 
total primary energy supply has increased by an average annual rate of 1.9% since 1990, while 
at the same time, the primary energy supply from renewable sources has grown at a rate of 
2.2%. In 2014, 13.8% of the global total primary energy supply was generated from renewable 
energy sources [2]. Despite this increase in renewable energy supply there has been an increase 
in fossil CO2 emissions of almost 40% between 1990 and 2014. The largest share of global CO2 
emissions, 42%, is attributed to heat and power generation [3]. According to the IEA, in Year 
2014 more than 65% of the global electricity generation was based on the combustion of fossil 
fuels and more than 40 % was from coal alone. Hydro represents the largest source of renewable 
electricity production (16%), whereas only 2% of the worldwide electricity generation is from 
the combustion of biofuels and waste. In addition, solar and wind, which are believed to play 
an important role in the future electricity production mix, are together with geothermal 
generation responsible for 4% of the total electricity production [4]. Thus, there is a long way 
to go towards replacing the present use of fossil fuels.  
An alternative pathway towards the replacement of fossil fuels is to lower the emissions of CO2 
from the use of fossil fuels in stationary combustion facilities by adopting the concept of carbon 
capture and storage (CCS). CCS allows for the continued use of fossil fuels without emissions 
to the atmosphere of carbon dioxide; CCS is often referred to as a bridging technology that will 
allow for fast and drastic cuts in emissions while more sustainable energy sources are being 
developed that can be adopted in a cost-effective and secure manner in the future. Four of the 
capture concepts discussed are: 1) pre-combustion, in which the carbon is removed through 
gasification before combustion; 2) post-combustion, in which the CO2 is separated from the 
flue gases using, for example, absorption [5]; 3) oxy-fuel combustion [6], where the fuel is 
combusted in an oxygen-flue gas mixture instead of air; and 4) chemical-looping combustion, 
in which the fuel is oxidized by a metal oxide rather than air [7]. A schematic of the concepts 
is shown in Figure 1. The CCS concept entails that the captured or separated CO2 is stored 
underground at a suitable location, such as an aquifer or a depleted oil well, preventing the CO2  
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from reaching the atmosphere [8]. Before transportation from the source to the storage point, 
the CO2 stream is cleaned from impurities, such as water, particulates, NOx and SOx. 
Employment of CCS typically reduces the emissions by 90%–95% from combustion of any 
fossil fuel. However, all of these approaches are associated with a considerable additional cost 
that is specific for each concept. It is therefore important to seek understanding of these 
processes so that they – in the future – may become as cost-effective as todays’ conventional 
combustion processes. 
An interesting possibility to reduce global warming is to combine the combustion of biofuels 
and CCS; this is commonly referred to as “bioenergy with carbon capture and storage” 
(BECCS). BECCS not only can help to reach a zero-emission target for power or industrial 
plants, but also to achieve negative emissions locally. BECCS could be used to compensate for 
fossil CO2 emissions from sources for which a reduction might be more difficult to achieve. 
BECCS has also been proposed for the actual removal of CO2 from the atmosphere. Azar et al. 
[9] have shown that it possible to reach the 2°C target even if we, for a while, reaches an 
atmospheric concentration of greenhouse gases otherwise considered too high, provided that 
BECCS is deployed.  
 
Figure 1. Schematic of the four main concepts for CO2 separation for heat and power generation. Only the 
main components (on a dry basis) of each stream are indicated; the CO2 streams might also contain, for 
example, NOX and SOX, which need to be removed before transportation and storage. 
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1.1 Objective 
This thesis investigates the combustion chemistry relevant to fuel or fuel mixes with high 
concentrations of alkali, chlorine and sulfur that are used in suspension-fired systems in both 
air-fuel and oxy-fuel combustion systems. Compared to coal, biomass contains high levels of 
alkali metals and chlorine and low levels of sulfur. Given the fuel composition, significant 
amounts of alkali chlorides may be formed during the combustion of biomass, which increases 
the risk of HTC. However, during co-combustion of coal and biomass, the fuel-bound sulfur in 
the coal may promote the sulfation rather than the chlorination of the alkali metals. The 
formation of HTC-related alkali species is investigated in the present work under both in-flame 
and post-flame conditions. These compounds may, however, also influence other aspects of the 
combustion chemistry, such as fuel oxidation and NO formation. The focus of this investigation 
is on the homogenous gas-phase chemistry and includes both experimental work and detailed 
kinetic modeling. The work includes the development and evaluation of a new experimental 
setup that is designed to investigate the chemistry of the alkalis in technical-scale combustion 
test units. The results obtained are discussed in the contexts of the following questions: 
• Which key parameters control the sulfation of alkali chlorides? 
• Are there any differences in the alkali-sulfur interactions between air-fuel and oxy-fuel 
combustion? 
• How is the combustion process influenced by the presence of alkali and sulfur? 
1.2 Outline of the thesis 
This thesis is based on the following five papers, as shortly described below.  
Paper I includes modeling work that focuses on the homogenous sulfation of potassium 
chloride. The modeling includes a comparison of co-combustion with air-fuel and oxy-fuel 
systems, together with an evaluation of the related chemistry and the most important 
parameters.  
Paper II presents both experimental results and the results from the kinetic modeling to 
investigate the homogenous gas-phase sulfation of potassium chloride. The work includes a 
sensitivity analyses with respect to the concentration of sulfur and the flue gas recirculation 
mode applied, the latter when comparing air-fuel and oxy-fuel atmospheres.  
Paper III is a continuation of the work presented in Paper II. In this work, chemical kinetic 
modelling is used to study the changes that may occur when replacing nitrogen with carbon 
dioxide in the combustion atmosphere, i.e. in further detail compared to Paper II.  
Paper IV focuses on the influences of potassium, chlorine, and sulfur on CO oxidation in the 
flame zone. The work includes both experiments and kinetic modeling for conditions relevant 
to both air-fuel and oxy-fuel combustion. 
Paper V examines how potassium chloride and sulfur dioxide affect the formation of NO 
during the combustion of propane in air. This involves measurements of the NO concentration 
in the flue gas when an 80 kW flame is doped with KCl and SO2. Reaction simulations are also 
performed in addition to the experiments.  
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2 Background 
In this chapter the concept of oxy-fuel combustion is presented and describes how it differs 
from conventional air-fuel combustion. In addition, the characteristics of biomass (or types of 
biomasses) will be presented together with the effects of introducing biomass into an air-fuel 
or oxy-fuel combustion system.  
2.1 Fuel characteristics 
Coal is the main fuel used for heat and power generation, whereas only a few percent of the 
global electricity production originates from biomass combustion [4]. Two subcategories of 
biomass, forest-derived and agriculture-derived biomass, are commonly used as fuel for heat 
and power generation purposes. The properties of these biomass types differ considerably from 
those of coal. For example, the moisture content of biomass is typically higher, which is also 
the case for alkali metals (sodium and potassium) and chlorine [10-13]. The composition of the 
fuel not only differs between the various types of biomass, but it is also related to the 
pretreatment of the biomass before it is fed into the combustion process, e.g., wood chips, saw 
dust or torrefied wood, whereby the latter process tends to alter the sulfur and chlorine 
contents [14]. Some examples of the different types of biomasses are shown in Figure 2. In the 
present work, the most common types of biomass are considered, i.e., forest or agricultural 
biomass that has not been pretreated with thermal or similar processes. The simulated contents 
of alkali and chlorine, in both the experiments and the modeling of this work, are therefore 
significant. This is also typically the case when biomass is used in the current heat and power 
generation plants.  
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Figure 2. Heat and power can be generated from various types of biomass, which can be pretreated in several 
different ways. Some examples are: a) demolition wood; b) rice husk; c) torrefied wood; and d) pelletized wood. 
2.2 Oxy-fuel combustion 
In oxy-fuel combustion, the fuel is combusted in an almost-nitrogen-free atmosphere that is 
created by mixing pure oxygen with recycled flue gases. Thus, the nitrogen is mainly replaced 
by CO2 or a mixture of CO2 and H2O for dry or wet flue gas recirculation, respectively. The 
concept of oxy-fuel combustion and the differences between dry and wet flue gas recirculation 
are described in Figure 3. The figure also shows examples of components that differentiate 
between streams. The difference in gas composition in relation to air-fuel combustion affects 
the physical properties, such as the specific heat capacity and the emissivity of the gases, 
resulting in a different temperature profile compared to air-firing [15-17]. To compensate for 
these differences, the concentration of oxygen in the oxidizer is often set higher than 21% [6].  
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The amount of recirculated flue gas is directly related to the feed gas oxygen concentration; a 
higher concentration of oxygen requires less recirculated flue gas. Furthermore, the minor 
species, in addition to CO2 and H2O, in the flue gases will also be recirculated (if they are not 
separated before recirculation). Therefore, recirculation will influence the concentrations of 
these species; the concentration of SO2 is typically more than 3 or 4-fold higher in oxy-fuel 
combustion than in air-fuel combustion [18, 19]. The level of NO is, however, reduced due to 
reburning effects that result from the flue gas recirculation [20, 21]. Although the 
concentrations of substances such as SOX and NOX are low, the differences between the levels 
of SOX and NOX can be of importance for the chemical reactions. 
The recirculation itself is not the only factor that affects the gas composition in the furnace. The 
composition of the gases will also be changed if flue gas cleaning equipment is placed in the 
recirculation loop of the system, thereby separating solids before recirculation and removing, 
for example, condensed alkali species (the species indicated in red in Figure 3). Another item 
of equipment that can be used is a flue gas condenser, which will remove water (referred to as 
‘dry recirculation’) and soluble compounds, such as HCl and SO3/H2SO4 (the species indicated 
in blue in Figure 3). In this way, flue gas cleaning equipment can be used as a means to achieve 
a favorable combustion atmosphere. However, if the cleaning apparatus is placed before the 
recirculation, the cost for that specific component will increase due to the larger gas flow, as 
compared to the cost associated with positioning the cleaning apparatus outside the loop [6].  
In this work, the oxy-fuel system considered is similar to the one presented in Figure 3. Thus, 
the system will always include ash removal before recirculation of the flue gas, and there is the 
possibility to choose, whether or not, the flue gas condenser should be used. If a flue gas 
condenser is used before the recirculation it will be referred to as ‘dry flue gas recirculation’ 
and, if not, it will be referred to as ‘wet flue gas recirculation’ (Fig. 3).  
 
Figure 3. Overview of the oxy-fuel combustion process, indicating potential compositional differences arising 
from using solids separation and a flue gas condenser. The species indicated in parentheses are examples to 
clarify differences between the streams. Red, solids; blue, condensable species; green, gaseous species.  
2.3 Co-combustion 
Co-combustion is a way to introduce biofuels to fossil-fuel fired units to achieve a reduction in 
CO2 emissions with a fuel of fossil origin. Biofuels may be co-combusted with coal, either 
directly or indirectly. During indirect co-combustion, the two fuels are combusted separately 
and the systems are connected on either the steam side or the flue gas side. In the direct co-
combustion system, the fuels are combusted in the same furnace, with the fuels being mixed 
and fed together, either to a bed (fixed or fluidized) or to a burner with suspension-based 
combustion [22].  
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For the existing suspension-fired units in which biomass could be introduced for co-firing 
purposes, the fuel mills typically set the technical limitation for the share of biomass that may 
be blended into the fuel mix, as discussed by Savolainen [23]. Savolainen attempted to mix coal 
and saw dust (in a  315-MWfuel boiler) and found that for large fractions of saw dust (>30%vol), 
the drying capacity of the mills was insufficient. When the share on a volume basis was >50% 
the boiler capacity was reduced by 25%. However, not only the drying capacity was affected. 
The fraction of coarse coal particles increased with the share of biomass in the mills [23]. The 
energy required (both thermal and mechanical) to prepare the biomass varied with both size and 
the concept chosen, as well as with moisture content, in that a higher moisture content required 
more energy [24]. A second option for introducing biomass into a pulverized coal boiler is to 
treat the biomass separately. This option requires an extra biomass mill/crusher and a 
specialized biomass burner. The new burner can be constructed either so it can be fired with 
pure biomass or a blend of coal and biomass [23]. Co-firing biomass with coal may affect 
emissions, such as NOx and SOX, as well as other properties, such as ignition delay [23, 24]. 
The size and share of biomass particles may also have a positive or negative effect on the outlet 
CO concentration, i.e., the burnout conditions [24].  
2.4 High temperature corrosion 
Hight temperature corrosion (HTC) is a problem that affects the heat transfer surfaces in a 
boiler. HTC is caused mainly by alkali-based salts that possess a high melting point and that 
easily are deposited on heat transfer surfaces. Compounds that contain alkali metals and 
chlorine are among the most aggressive agents, which is why HTC is primarily a problem for 
power plants that are fired with biomass rather than coal [25-27]. To counteract HTC in 
biomass-fired power plants, the steam temperature in the boiler is often lowered, which leads 
to a decreased electrical efficiency [10]. The risk for alkali-related HTC can be reduced by the 
co-combustion of coal and biomass (relative to the combustion of biomass alone) owing to the 
relatively high levels of fuel-bound sulfur in coal, which favors the formation of the less-
corrosive sulfates over chlorides [11, 28, 29]. Oxy-fuel derived flue gases have for example 
been shown by Syed et al. [30] to be more corrosive than those derived from air-fuel 
combustion. However, they assumed that the level of deposition and the composition of the 
deposits were the same for both the air-fuel and oxy-fuel flue gases, which is not necessarily 
the case, and this is a topic that will be discussed further in this work.  
2.5 Co-combustion and flue gas recirculation 
As mentioned above, the flue gas recirculation applied in oxy-fuel combustion increases the 
concentrations of SOX and NOX compared to air-fuel combustion [21, 31]. In this work, the 
SOX components are studied in detail, components whose concentrations are typically 3–4-fold 
higher in oxy-fuel flue gases than in air-fuel flue gases [19, 31]. An increased concentration of 
SOX will also increase the S/K-ratio of the flue gases if the ash (which contains the potassium) 
is removed before flue gas recirculation. The theoretical relationship between the S/K-ratios of 
the fuel and the flue gases is shown in Figure 4. The calculations are theoretical and are based 
on the assumptions that all fuel-bound sulfur and alkali species are being released to the gas 
phase, and that the formed alkali gas-phase species are captured in the condenser water and/or 
extracted as solids before the flue gas is recirculated to the burner (see Figure 3). The ratio of 
the S/K in the flue gas to that in the fuel is one for air-fuel combustion and approximately five 
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for the OF25 dry case (oxy-fuel operation with dry flue gas recycling and with 25 vol.% oxygen 
in the feed gas). The amount of sulfur in the flue gases is then decreased for higher 
concentrations of oxygen and for wet recirculation in relation to dry recirculation. To 
summarize, the S/K-ratio of the flue gases will always be higher during oxy-fuel combustion if 
the recirculated flue gas contains sulfuric species. If no sulfur is recirculated it will be a one-to-
one relationship similar to combustion in air. SO2 is shown to inhibit the oxidation of CO during 
both air-fuel and oxy-fuel combustion, which means that it influenced the overall combustion 
process [32, 33]. In addition, a high concentration of SO2 seems to favor the sulfation of alkali 
metals [11, 34, 35]. The SO2 concentration is therefore important for both in-flame and post-
flame conditions. It also implies that there is a difference in performance between air-fuel and 
oxy-fuel combustion systems, which is attributed to the increase in SO2 concentration for the 
latter case. 
 
Figure 4. Molar sulfur to potassium (S/K)-ratio in the flue gases and how this varies with respect to the S/K-
ratio of the fuel. The theoretical variations are shown for air-fuel combustion and oxy-fuel (OF) combustion. 
There are three cases representing different oxygen concentrations (25 vol.% and 30 vol.%) and different 
recirculation strategies (wet or dry). In air, the S/K-ratio of the flue gas is the same as that of the fuel. The 
trends are based on the assumption that all the sulfur- and potassium-containing species are released to the 
gas phase. Source: Paper I. 
  
10 
 
  
11 
 
3 N, S and alkali chemistry related to combustion 
 
The combustion of solid fuels includes the following steps: heating of the fuel; release of 
volatile matter; oxidation of gaseous species; and char combustion. Fuel oxidation, which is the 
main part of the combustion, is not the only reaction taking place. Depending on the 
composition of the fuel, a large variety of different compounds, both gaseous and solid, can be 
formed at concentrations that are low (<1 vol.%) but still important from the boiler performance 
or environmental perspective. Nitrogen, sulfur, chlorine, and alkali-metals are examples of such 
compounds. In this chapter, we describe how these compounds are released and interact with 
each other in the combustion process. Note that in the present work, K represents the overall 
alkali-metal content of the flue gases. In a practical combustion system, sodium (Na) is also 
typically present, even though potassium is usually the main alkali specie. In addition, sodium 
has been reported to follow a reaction mechanism similar to that of potassium [11, 13, 36, 37]. 
3.1 The release of inorganic species during combustion 
Some of the main inorganic elements released during combustion and devolatilization are N, S, 
Cl, and K. Their relative rates of release and in which form they are released are, however, 
highly dependent upon the overall fuel composition and temperature. The inorganic species are 
released to the gas phase as a result of increased temperature. Chlorine is released early in the 
heating process, with up to 50 wt.% of the chlorine being released already at 500°C [38]. 
Chlorine is released mainly in the forms of HCl and KCl. A minor share of the chorine might, 
however, be released as chlorinated hydrocarbons which often react soon after their release, 
with subsequent formation of HCl during combustion [38-40]. Potassium is mainly released as 
KCl, if Cl is present, otherwise it is released as atomic potassium (K) or as potassium hydroxide 
(KOH) [38-41]. The release of K has been shown to be strongly coupled to the release of 
chlorine [38]. Cl-species have a stronger tendency to react with char than K-species, which 
indirectly affects the release of K, since less Cl is available for KCl formation to occur [40]. 
The release rates of Cl and K are also affected by the ash composition. Silicates, especially 
aluminum silicate (during co-combustion of coal and biomass mainly derived from coal), are 
the main component responsible for inhibiting the release of alkali chlorides [29, 41-45]. In 
addition, the state in which the species is released depends on the combustion temperature, in 
relation to the melting and evaporation temperatures for each specific compound, and also the 
compositions of the fuel and the flue gas [38, 40, 41, 43-48]. 
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Sulfur is released to the gas phase in the form of simple reduced species, such as CS2, COS, 
and H2S [39, 49, 50]. In the presence of oxygen, these compounds form oxides (mainly SO2), 
which are more stable in a reducing environment [39, 49]. The formation of SO3 is 
thermodynamically favored at temperatures <600°C, although the kinetics inhibit the SO2/SO3 
equilibrium from being reached. The homogenous formation of SO3 from SO2 is the result of 
either: 
 𝑆𝑂2 + 𝑂(+𝑀) ⇌ 𝑆𝑂3(+𝑀) R 1 
at higher temperatures or the combination of the following reactions: 
 𝑆𝑂2 + 𝑂𝐻(+𝑀) ⇌ 𝐻𝑂𝑆𝑂2(+𝑀) R 2 
 𝐻𝑂𝑆𝑂2 + 𝑂2 ⇌ 𝑆𝑂3 + 𝐻𝑂2 R 3 
during the flue gas cooling process. The homogenous formation of SO3 is well known compared 
to the possible heterogeneous reactions, which may involve fuel and ash particulates 
contributing to SO3 formation [39, 49].  
During devolatilization of a solid fuel, the nitrogen component may either be released as volatile 
species or be retained in the char. How much of the total fuel-bound nitrogen becomes volatile 
and in which form it is released depends not only on the fuel composition, but also on the 
temperature and residence time [51]. Glarborg et al. [52] collected data from several different 
studies found in the literature regarding mainly coals, although some peat and biomass data 
were also included. Despite the large variation between the different fuels, there was a clear 
trend towards less nitrogen being detected in the char as the temperature increased [52]. 
Biomass and lignite show, in general, higher retention of nitrogen at lower temperatures, as 
compared to coals of higher rank [53, 54]. The nitrogen is released from coal during the first 
stage of the pyrolysis process, mainly as aromatic compounds [55]. These compounds are 
however decomposed during the second stage of the pyrolysis process, releasing nitrogen in the 
form of HCN or NH3. HCN is the main volatile nitrogen species released during the pyrolysis 
of high-rank coals. However, the share of NH3 increases for coals of lower rank and for 
biomasses [52]. Finally, there is also the possibility for the nitrogen to be bound to the soot that 
is formed during the latter part of devolatilization. The amount of nitrogen detected in the soot 
varies with the fuel composition, and is most often insignificant, although it has been reported 
that up to 25% of the nitrogen released during pyrolysis is bound to soot [56, 57]. 
3.2 Formation of alkali-containing aerosols 
The aerosols formed during biomass combustion vary in size distribution and concentration, as 
well as composition depending on the fuel composition and combustion conditions used. An 
example of experimental results from particle measurements at different facilities is given in 
Table 1. The results represent the combustion of different biomasses and variations of the 
combustion conditions in terms of different combustion technologies and thermal load 
conditions. The sampling temperature also varies, from for the lowest temperature of 100°C (in 
the work of Wierzbicka et al. [58]) up to 850°C (in the work of Valmari et al. [59]). However, 
K, S, Cl and C (excluding eventual oxygen) are the most commonly found elements found in 
particles from combustion, especially among the smaller particles of diameter up to 1 µm [58-
63].  
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Table 1. Experimental results from the literature, showing the variations in composition, size, and concentration 
of aerosols formed during the combustion of biofuels. 
Reference Boiler 
type 
Thermal 
effect 
[kW] 
Fuel Sampling 
temperature 
[°C] 
Particle 
load 
[mg/Nm3] 
Main size 
(by mass) 
[µm] 
Main 
components 
(by mass) 
Wierzbicka et al. [58] Grate 1000-1500 
Sawdust pellets, 
forest residues 
100–175 51-120 5 K, S, Cl 
Valmari et al. [59] CFB* 35000 
Forest residues, 
willow 
810–850 600-1200 ~10 
Ca, Si, P, K, S, 
Cl 
Pagles et al. [63] Grate 1000–6000 Forest residues 150–215 79-145 1–10 K, S, C 
Johansson et al. [62] 
Pellets 
burner 
11–22 
Wood pellets, 
wood briquettes 
- 34-240 <1 K, S, Cl 
Boman et al. [60] 
Pellets 
burner 
10–15 Pellets - - ~0.3 K, Cl, S, C 
Christansen and 
Livbjerg [61] 
- 15000 Straw 120 3-500 ~0.3 K, Cl ,S 
*CFB = circulating fluidized bed. 
When gaseous potassium chloride condenses in an inert atmosphere (via homogeneous 
nucleation) the condensed phase consists of both monomers and dimers. Such a system will 
always be in equilibrium [64]. Nucleation is a continuous process in which more and more 
aerosols form until the particle concentration is sufficient to on-set coagulation. According to 
Jensen et al. [65], the coagulation half-time for particle number concentrations is >10 s at a 
particle concentration of 3×107cm-3. The system examined by Jensen and co-workers had a 
residence time of <2 s, and for this reason the impact of coagulation was omitted in their model. 
These assumptions, together with mathematical expressions describing, for example, size 
distribution density functions, were used by Jensen et al. [65] to describe the homogenous 
nucleation of potassium chlorides in a plug flow reactor. They showed that when SO2 was 
introduced to their experimental set-up the number of particles dramatically increased, which 
also followed from the model results. Potassium, which is homogenously sulfated, has a vapor 
pressure that is several orders of magnitude lower than that of KCl, which means that the 
sulfates are supersaturated and form aerosols through homogenous nucleation [65].  
Alkali-metals may form carbonates rather than sulfates in the flue gas. The carbonization has 
been suggested to follow a heterogeneous reaction pathway, due to the thermodynamic 
instability of K2CO3(g). Potassium carbonate is suggested to be formed via a reaction between 
KOH(s, l) and gaseous CO2 [66]. Carbonates may only form at temperatures lower than the 
temperature at which homogenous sulfation can take place [36, 67, 68].  
3.3 Alkali sulfation 
The chlorinated form of potassium, KCl, is the main potassium compound released to the gas 
phase during biomass combustion. KCl may, however, be sulfated during combustion. This 
sulfation is considered complete when all that potassium has formed potassium sulfate (K2SO4). 
At temperatures <450°C, sulfated potassium may be found as pyrosulfate (K2S2O7) [69]. Such 
low temperatures are, however, not relevant to the present work. The sulfation of potassium 
chloride follows one of two possible paths: 1) homogenous sulfation, where the sulfates are 
formed in the gas phase (and condense after their formation); or 2) heterogeneous sulfation, 
which includes surface reactions of non-gaseous chloride particles. Below follows a short 
summary of previous investigations of these two reaction pathways. 
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3.3.1 Heterogeneous alkali sulfation 
The heterogeneous sulfation of KCl has been proposed by Steinberg and Schofield [70] as a 
surface reaction phenomenon that is manifested under post-flame conditions. In their work with 
hydrogen and propane flames, Steinberg and Schofield have concluded that sodium sulfate is 
too unstable under flame conditions to be responsible for the observed sulfation [70-72]. 
Experimental results presented by others have, in contrast, suggested that the heterogeneous 
pathway is too slow to describe the sulfation that typically occurs in industrial-scale boilers [67, 
73]. 
Sengeløv et al. [68] have shown that the sulfation of condensed KCl increases with increases in 
temperature and oxygen concentration. The amount of water in the surrounding gas does not 
seem to influence the rate of sulfation. Sengeløv et al. [68] have suggested that only small KCl 
particles (<1 µm) can achieve a significant level of sulfation at residence times of <1 s, even at 
high temperatures. However, KCl aerosols of this size are unlikely to be found at temperatures 
>800°C, and at lower temperatures, the rate of sulfation of condensed KCl is <20% [68, 74]. 
These modeling results are in agreement with the experimental results in the literature [67, 73, 
74]. This work focuses on the homogenous alkali-sulfating route, which is more relevant to the 
conditions studied here, as represented by flame temperatures up to about 1600°C. However, it 
should be noted that the findings presented are valid for residence times in the order of a number 
of seconds. Once deposited, the exposure time for sulfuric species will be order of magnitudes 
longer; for such conditions, the sulfation of condensed potassium chloride is no longer 
negligible [68].  
3.3.2 Homogenous alkali sulfation 
The alternative route to heterogeneous sulfation involves sulfation being governed by 
homogenous gas-phase reactions and K2SO4 being condensed soon after its formation. This is 
a theory that is in agreement with a series of experimental studies [61, 65, 67, 73, 75]. The 
sulfation of KCl can follow any one of the routes shown in Error! Reference source not 
found., including reactions with both SO2 and SO3. Regardless of the route, the final step is the 
condensation of gaseous K2SO4, which is formed from either KHSO4 or KSO4 (R4-R7). 
 
 
 
 
 
 
Figure 5. Illustration of the main reactions for the sulfation of KCl. 
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 𝐾𝐻𝑆𝑂4 + 𝐾𝐶𝑙 ⇌ 𝐾2𝑆𝑂4 + 𝐻𝐶𝑙 R 4 
 𝐾𝐻𝑆𝑂4 + 𝐾𝑂𝐻 ⇌ 𝐾2𝑆𝑂4 + 𝐻2𝑂 R 5 
 𝐾𝑆𝑂4 + 𝐾𝐶𝑙 ⇌ 𝐾2𝑆𝑂4 + 𝐶𝑙 R 6 
 𝐾𝑆𝑂4 + 𝐾𝑂𝐻 ⇌ 𝐾2𝑆𝑂4 + 𝑂𝐻 R 7 
There are four main routes to the formation of KHSO4, including either SO2 or SO3. SO3 may 
react directly with KOH: 
 𝐾𝑂𝐻 + 𝑆𝑂3(+𝑀) ⇌ 𝐾𝐻𝑆𝑂4(+𝑀) R 8 
or through a two-step reaction that starts with KCl: 
 𝐾𝐶𝑙 + 𝑆𝑂3(+𝑀) ⇌ 𝐾𝑆𝑂3𝐶𝑙(+𝑀) R 9 
 𝐾𝑆𝑂3𝐶𝑙 + 𝐻2𝑂 ⇌ 𝐾𝐻𝑆𝑂4 + 𝐻𝐶𝑙 R 10 
KHSO4 may then be formed via SO2 in a three-step reaction that starts with K: 
 𝐾 + 𝑆𝑂2 ⇌ 𝐾𝑆𝑂2 R 11 
 𝐾𝑆𝑂2 + 𝑂2(+𝑀) ⇌ 𝐾𝑆𝑂4(+𝑀) R 12 
 𝐾𝑆𝑂4 + 𝐻2𝑂 ⇌ 𝐾𝐻𝑆𝑂4 + 𝑂𝐻 R 13 
or starting with KSO3, which can be formed from either KO (involving SO2) or K (involving 
SO3): 
 𝐾𝑆𝑂3 + 𝑂𝐻 ⇌ 𝐾𝐻𝑆𝑂4 R 14 
 𝐾𝑂 + 𝑆𝑂2 ⇌ 𝐾𝑆𝑂3 R 15 
 𝐾 + 𝑆𝑂3(+𝑀) ⇌ 𝐾𝑆𝑂3(+𝑀) R 16 
KCl, KOH, KO, and K form the basis for the sulfating process. These compounds are linked 
together via several reactions, the most important of which are listed below. KOH may form 
from KCl via the following reaction with water: 
 𝐾𝐶𝑙 + 𝐻2𝑂 ⇌ 𝐾𝑂𝐻 + 𝐻𝐶𝑙 R 17 
KOH may react further to KO: 
 𝐾𝑂𝐻 + 𝑂𝐻 ⇌ 𝐾𝑂 + 𝐻2𝑂 R 18 
K is formed directly from KCl via one of the following reactions: 
 𝐾𝐶𝑙(+𝑀) ⇌ 𝐾 + 𝐶𝑙(+𝑀) R 19 
 𝐾𝐶𝑙 + 𝐻 ⇌ 𝐾 + 𝐻𝐶𝑙 R 20 
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or indirectly via KOH or KO: 
 𝐾𝑂𝐻 + 𝐻 ⇌ 𝐾 + 𝐻2𝑂 R 21 
 𝐾𝑂𝐻(+𝑀) ⇌ 𝐾 + 𝑂𝐻(+𝑀) R 22 
 𝐾𝑂 + 𝑂 ⇌ 𝐾 + 𝑂2 R 23 
 𝐾𝑂 + 𝐶𝑂 ⇌ 𝐾 + 𝐶𝑂2 R 24 
 𝐾𝑂 + 𝑆𝑂2 ⇌ 𝐾 + 𝑆𝑂3 R 25 
The present work focuses entirely on this suggested route involving homogenous alkali 
sulfation, as described by the reaction pathway schematic in Error! Reference source not 
found.. Thus, this forms the basis for the modeling of the alkali sulfation chemistry covered in 
Papers IIII. 
3.4 Effects of interactions between S, K and Cl species on CO 
oxidation 
The oxidation of CO, R 26, may be influenced by alkali- and chlorine-containing species, as 
well by SO2. The inhibitory effect has been experimentally observed for both hydrogen [76-79] 
and hydrocarbon-air flames [37, 80-87] (both in laboratory scale), and for HCl and SO2 it has 
also been reported for pulverized coal combustion [88]. This phenomenon has also been 
examined under various conditions in flow reactors [89-92]. The interactions may either be 
direct or via the O/H radical pool, which is important for the chain branching that drives the 
combustion. There follows a theoretical discussion as to how these compounds may affect the 
oxidation of CO. The reactions discussed form the basis for the kinetic modeling carried out in 
Paper IV. 
 𝐶𝑂 + 𝑂𝐻 ⇌ 𝐶𝑂2 + 𝐻 R 26 
3.4.1 Sulfur-CO interactions 
It is well known that SO2 can influence the combustion chemistry, and depending on the local 
air-to-fuel ratio, the presence of SO2 either inhibits or enhances the oxidation of CO [33]. Under 
fuel-lean conditions, a small fraction of the SO2 can be oxidized to SO3, the latter of which can 
be reduced back to SO2 via a second reaction path that starts with 𝑆𝑂2 + 𝑂(+𝑀) ⇌ 𝑆𝑂3(+𝑀) 
(R 1) followed by: 
 𝑆𝑂3 + 𝑂 ⇌ 𝑆𝑂2 + 𝑂2 R 27 
SO2 has the most potent effect in a reducing environment, relative to an oxidizing environment 
[39]. Rasmussen et al. [33] have presented a more complex SOx-cycle, which shows better 
agreement for both rich and lean conditions, including HOSO: 
 𝑆𝑂2 + 𝐻(+𝑀) ⇌ 𝐻𝑂𝑆𝑂(+𝑀) R 28 
 𝐻𝑂𝑆𝑂 + 𝐻 ⇌ 𝑆𝑂 + 𝐻2𝑂 R 29 
 𝑆𝑂 + 𝑂2 ⇌ 𝑆𝑂2 + 𝑂 R 30 
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They also introduced a third loop that includes SO for better accuracy during flame combustion 
(higher temperatures):  
 𝑆𝑂 + 𝐻 + 𝑀 ⇌ 𝐻𝑆𝑂 + 𝑀 R 31 
 𝐻𝑆𝑂 + 𝐻 ⇌ 𝑆 + 𝐻2𝑂 R 32 
 𝑆 + 𝑂𝐻 ⇌ 𝑆𝑂 + 𝐻 R 33 
Despite this more complex SOx-cycle presented by Rasmussen et al. [33], there remain some 
sulfur-fuel interactions that are not captured by the mechanism [39]. 
3.4.2 Alkali-CO interactions 
KCl has been reported in literature to influence CO oxidation but only for conditions relevant 
for fluidized bed (FB) combustion. Therefore, it remains unknown whether the reported effects 
presented here are applicable to suspension fired systems or not. This topic will be examined in 
this work. Alkali species in a combustion facility can be found both as solids and in the gas 
phase. However, the inhibitory effect of these species on CO oxidation has been shown for both 
physical states. The influences of alkali species are attributed to chemical interactions, whereas 
more chemically inert solids, such as silica powders, instead exert thermal influences [82, 87]. 
Although the details of the chemical mechanism underlying this phenomenon are still being 
discussed in the literature, it is often suggested to be based on reactions in the gas phase [39, 
84, 86, 89, 93]. Based on gas-phase experiments conducted in previous studies [37, 78, 79, 84, 
89, 94], a mechanism that includes R17 and R20-R22 has been suggested in which interactions 
via the O/H radical pool connect CO oxidation, R 24, with the potassium available in the gas 
phase. In order for these reactions to describe the observed inhibitory effect of alkali species on 
CO oxidation, the reaction rate for R 22 has to be higher than that confirmed previously. Hynes 
et al. [76] have proposed that an additional reaction involving KO2 enables the reaction rate to 
be lower. although this reaction seems unlikely given the thermodynamic properties noted for 
alkali dioxides [89]. Potassium-containing compounds have been reported to inhibit CO 
oxidation in an oxygen-rich environment and to promote CO oxidation under certain conditions, 
e.g. in the presence of high NOx concentrations [95, 96].  
3.4.3 Chlorine-CO interactions 
Chlorine-containing species are released already during pyrolysis, and are mainly found in the 
gas phase as chlorinated hydrocarbons or HCl and KCl [38, 39]. In the same way as for the 
alkali-metals, chlorine interacts with CO oxidation via the O/H radical pool in a cycle of 
reactions [39, 90]: 
 𝐻𝐶𝑙 + 𝐻 ⇌ 𝐶𝑙 + 𝐻2 R 34 
 𝐻𝐶𝑙 + 𝑂𝐻 ⇌ 𝐶𝑙 + 𝐻2𝑂 R 35 
 𝐶𝑙 + 𝐻 + 𝑀 ⇌ 𝐻𝐶𝑙 + 𝑀 R 36 
 𝐶𝑙 + 𝐻𝑂2 ⇌ 𝐻𝐶𝑙 + 𝑂2 R 37 
There is also a second cycle that includes CO directly [97]:  
 𝐶𝑙 + 𝐻𝑂2 ⇌ 𝐶𝑙𝑂 + 𝑂𝐻 R 38 
 𝐶𝑙𝑂 + 𝐶𝑂 ⇌ 𝐶𝑙 + 𝐶𝑂2 R 39 
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The relationship between these two cycles depends on whether the reaction between 𝐶𝑙 + 𝐻𝑂2 
follows R 37 or R 38. This is especially important, as the first route will inhibit CO oxidation, 
while the second will promote CO oxidation. The inhibitory effect of the first cycle may be 
reduced or changed to change the conditions in areas with higher Cl concentrations (e.g., the 
post-flame zone), thereby forcing R 34 and R 35 to reach equilibrium or even to reverse the 
reaction direction [39]. 
3.5 NO formation 
There are two possible sources of nitrogen in a combustion process: N2 from the air, and fuel-
bound nitrogen, and NO may be formed from both of these sources. A general reaction scheme 
for NO formation from the two possible sources is shown in Figure 6. As discussed in 
Section 3.1, the fuel-bound nitrogen can be divided into volatile nitrogen (volatile-N) and char-
bound nitrogen (char-N), reflecting the different ways in which nitrogen is bound to and 
released from the fuel. As indicated in Figure 6, both types of fuel-bound nitrogen can form N2 
or NO. These routes are, however, not considered in this work. Instead, the focus is on the 
chemistry related to the formation of NO from molecular nitrogen derived from the air (i.e., the 
routes within the gray-shaded area in Figure 6).  
 
Figure 6. Reaction scheme for the general routes for NO formation. The area shaded gray indicates the aspects 
of nitrogen chemistry covered in this work. 
Homogenous NO formation from molecular nitrogen is presented in greater detail in Figure 7. 
The corresponding reactions are presented here and in Paper V as the most important reactions 
describing homogenous NO formation from N2. All the presented reactions are potentially 
reversible, working in both directions depending on the conditions. The arrows in Figure 7 
indicate the direction of the forward reaction.  
 
Figure 7. Schematic of the main reaction pathways towards NO formation, as described in Paper V. 
 
  
19 
 
According to the extended Zeldóvich mechanism [98-100], NO can be formed from N2. As this 
occurs at high temperatures, it is referred to as ‘thermal’ NO formation. Molecular nitrogen is 
split into atomic nitrogen through the following reaction with atomic oxygen: 
 𝑁2 + 𝑂 ⇌ 𝑁𝑂 + 𝑁 R 40 
The atomic nitrogen can thereafter react with either OH or O2 to form NO: 
 𝑁 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻 R 41 
 𝑁 + 𝑂2 ⇌ 𝑁𝑂 + 𝑂 R 42 
Once formed, NO can react with hydrocarbon radicals to form HCN: 
 𝑁𝑂 + 𝐶𝑖𝐻𝑗 ⇌ 𝐻𝐶𝑁+. ..   R 43 
Moreover, HCN can be formed from N2, e.g., through reaction with CH, leading to the rapid 
formation of NO: 
 𝑁2 + 𝐶𝐻 ⇌ 𝑁 + 𝐻𝐶𝑁   R 44 
Kinetically-controlled NO formation is, in high-temperature systems, less important than 
thermal NO formation [101]. Following a long series of reactions, NO can be reformed from 
HCN. HCN may also cause NO to generate NH, with HNC and HNCO, as well as NH2 as 
intermediates that react with H or OH: 
 𝐻𝐶𝑁 + 𝑀 ⇌ 𝐻𝑁𝐶 + 𝑀 R 45 
 𝐻𝐶𝑁 + 𝐻 ⇌ 𝐻𝑁𝐶 + 𝐻 R 46 
 𝐻𝑁𝐶 + 𝑂𝐻 ⇌ 𝐻𝑁𝐶𝑂 + 𝐻 R 47 
 𝐻𝑁𝐶𝑂 + 𝐻 ⇌ 𝑁𝐻2 + 𝐶𝑂 R 48 
 𝐻𝑁𝐶𝑂 + 𝑂𝐻 ⇌ 𝑁𝐻2 + 𝐶𝑂2 R 49 
 𝑁𝐻2 + 𝑂𝐻 ⇌ 𝑁𝐻 + 𝐻2𝑂 R 50 
 𝑁𝐻2 + 𝐻 ⇌ 𝑁𝐻 + 𝐻2 R 51 
There are, however, also possibilities for HCN to form N2 in a process that is termed ‘reburning’ 
[102]. A second route from molecular nitrogen towards NH is that via NNH, together with 
either O or OH. In both cases, NO is also formed: 
 𝑁2 + 𝐻 ⇌ 𝑁𝑁𝐻 R 52 
 𝑁𝑁𝐻 + 𝑂 ⇌ 𝑁𝐻 + 𝑁𝑂 R 53 
 𝑁𝑁𝐻 + 𝑂𝐻 ⇌ 𝑁𝐻2 + 𝑁𝑂 R 54 
There are two possible ways to form NO from NH. First, atomic nitrogen can be formed via 
reaction with H or OH:  
 𝑁𝐻 + 𝐻 ⇌ 𝑁 + 𝐻2 R 55 
 𝑁𝐻 + 𝑂𝐻 ⇌ 𝑁 + 𝐻2𝑂 R 56 
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Once N is formed, NO can be formed via R 41 and R 42. The second possibility is to form NO 
with HNO as an intermediate:  
 𝑁𝐻 + 𝐶𝑂2 ⇌ 𝐻𝑁𝑂 + 𝐶𝑂 R 57 
 𝑁𝐻 + 𝑂𝐻 ⇌ 𝐻𝑁𝑂 + 𝐻 R 58 
 𝑁𝐻 + 𝑂2 ⇌ 𝐻𝑁𝑂 + 𝑂 R 59 
 𝐻𝑁𝑂 + 𝑁2 ⇌ 𝑁𝑂 + 𝐻 + 𝑁2 R 60 
 𝐻𝑁𝑂 + 𝑀 ⇌ 𝑁𝑂 + 𝐻 + 𝑀 R 61 
 𝐻𝑁𝑂 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻2𝑂 R 62 
 𝐻𝑁𝑂 + 𝑂 ⇌ 𝑁𝑂 + 𝑂𝐻 R 63 
 𝐻𝑁𝑂 + 𝑂2 ⇌ 𝑁𝑂 + 𝐻𝑂2 R 64 
Finally, there exists a pathway in which NO reacts with OH to form HONO, which may react 
back to NO via NO2: 
 𝑁𝑂 + 𝑂𝐻 + 𝑀 ⇌ 𝐻𝑂𝑁𝑂 + 𝑀 R 65 
 𝐻𝑂𝑁𝑂 + 𝐻 ⇌ 𝑁𝑂2 + 𝐻2 R 66 
 𝐻𝑂𝑁𝑂 + 𝑂𝐻 ⇌ 𝑁𝑂2 + 𝐻2𝑂 R 67 
 𝑁𝑂2 + 𝐻 ⇌ 𝑁𝑂 + 𝑂𝐻 R 68 
 𝑁𝑂2 + 𝑂 ⇌ 𝑁𝑂 + 𝑂2 R 69 
 𝑁𝑂2 + 𝑂𝐻 ⇌ 𝑁𝑂 + 𝐻𝑂2 R 70 
 𝑁𝑂2 + 𝑀 ⇌ 𝑁𝑂 + +𝑂 + 𝑀 R 71 
3.5.1 The influences of S and K on NO formation 
Glarborg [39] simulated the influence of sulfur on NO formation during the combustion of 
methane in air and compared the results with the experimental results for hydrocarbon 
combustion in air found in the literature [103-105]. Both the experiments and the model 
indicated a decrease in the exit concentration of NO when sulfuric species were added. This 
was found for both fuel-lean and fuel-rich flames and was attributed by the model to radical 
recombination being catalyzed by the sulfur. This is achieved under reducing conditions 
following reactions R 28, R 29 and R 31, whereby the reduction in level of radicals inhibits the 
formation of N2 from HCN and NH3 [39]. Wendt et al. [103] also showed in their experiments 
that the addition of SO2 increased the decay of NO in the post-flame zone. This was suggested 
by Glarborg [39] to be due to direct interactions between N and S, where the direction of the 
reactions varies depending on whether the conditions are reducing or oxidizing.  
 𝑁 + 𝑆𝑂 ⇌ 𝑁𝑂 + 𝑆 R 72 
 𝑁 + 𝑆𝑂2 ⇌ 𝑁𝑂 + 𝑆𝑂 R 73 
Regarding alkali-nitrogen interactions, sodium has been reported to increase the transformation 
of char-N to volatile-N, thereby altering the overall formation of NO [106]. Alkali-metals also 
influence the formation of NO, albeit only indirectly through an effect on CO oxidation [107, 
108]. All these previous studies have focused on solid fuels and the relatively low combustion 
temperatures relevant to FB combustion. In contrast, the present work focuses on the formation 
of NO from molecular nitrogen during combustion in suspension, which entails much higher 
temperatures than fluidized bed combustion. 
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4 Experimental setup 
The experimental series investigates the chemistry in a technical-scale combustor (100 kWth) 
and includes the development of an experimental setup that includes systems for analyzing the 
gas and particle compositions. The experiments are performed and evaluated in ways that reflect 
the specific research question being posed. The experimental results are also used as inputs to 
the simulations. The 100-kW combustion unit used, as well as the different measurement 
techniques, are described in detail in the following sections. The results obtained from the 
experiments described here are parts of Papers II, IV, and V. In addition, some of the 
experimental results are used as a reference in Paper III. As these latter results are taken from 
the literature [109, 110], they are not presented here.  
4.1 Combustion experiments 
In this work, experiments were performed in the Chalmers 100-kW test unit, as presented in 
Figure 8. This unit can be operated in either air-fuel or oxy-fuel mode. The furnace is 800 mm 
in diameter and has a height of 2400 mm, with a propane burner mounted at the top of the 
furnace. There are four water-cooled rods for temperature control inside the furnace. The 
furnace has measurement ports at seven distances from the burner (M1–M7) and there are eight 
measuring ports (M8–M15) located further downstream in the flue gas path. The burner is fed 
with 1.73 g/s of propane and the oxidizer, corresponding to a stoichiometric ratio of 1.15. The 
experimental unit facilitates SO2 injection directly into the oxidizer before entering the primary 
and secondary registers. As part of this work, an injection system for KCl has been developed 
to investigate the alkali chemistry during combustion experiments. The KCl is fed as an aqueous 
solution via a probe enters through the furnace ceiling (see Figure 8). At the tip of the probe, a 
nozzle sprays the solution directly into the flame, 40 mm downstream of the burner at a spray 
angle of 15°. The KCl-water solution is kept at a salt concentration of about 3.4 %wt. The 
solution is stored in a separate tank with an internal circulation pump, to avoid salt precipitation. 
A metering pump is used to inject 0.9 l/h of the KCl(aq) solution into the flame. The KCl(aq) 
injection system is shown in Figure 9. The concentration is controlled over time by a hand held 
digital refractometer (ATAGO, PAL-49S) to ensure constant conditions. 
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Figure 8. Schematic of the 100-kW test unit at Chalmers University of Technology. The red arrows indicate the 
positions for the injection of KCl and SO2. The locations of the 15 measuring ports are indicated as M1–M15. 
 
 
 
Figure 9. Schematic of the salt injection setup, including the storage tank, metering pump, and injection probe.  
The injection flow rate of KCl(aq) was kept constant in all the experiments. In contrast, the 
concentration of KCl was varied for the CO experiments presented in Papers IV and V, 
respectively. In these studies, the injection of pure water (0.0 %wt KCl) was also done, to 
establish a reference effect caused by the water itself. In the CO experiments (Paper IV), the 
KCl content was also doubled in one case (6.68 %wt KCl). In those cases in which the S/K-ratio 
was altered (Paper II), this was achieved by adjusting the amount of SO2 injected. The amount 
of SO2 injected was set by a mass flow controller, as well as by adjusting the concentration in 
the oxidizer. The reason for this is that during operation with flue gas recycling, SO2 is recycled 
to the burner inlet. Inevitably, some sulfur is lost in the flue gas system due to absorption by 
the condensing water and reactions with deposits in the filters. The SO2 concentration was 
found to decrease by 11% between measuring ports M8 and M13. The concentration of sulfur 
in each oxy-fuel case was based on a decrease in SO2 concentration of around 14% in the 
recirculation loop. This loss of sulfur in the loop varied with time, although the SO2 
concentration in the oxy-fuel oxidizer was kept constant for each case by adjusting the set-point 
in the mass flow controller.  
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Table 2 presents a summary of the conditions for which the degree of sulfation, as well as the 
NO and CO interactions were investigated. The standard sulfur injections used in Papers IV 
and V are based on an S/K-ratio of 4 (106 g of SO2 per hour). Further details regarding each 
specific measurement can be found in the corresponding paper.  
Table 2. Running conditions for the experimental cases of Air and OF25. 
 
Fuel feed 
[g/s] 
O2/fuel ratio 
[-] 
O2 oxidizer 
[% wet] 
O2 stack 
[% wet] 
Air 1.73 1.15 21 2.55 
OF25 1.73 1.15 25 3.00 
S/K-ratio 
(injected) 
KCl(aq) 
[l/h] 
SO2 injection* 
[g/h] 
SO2 oxidant [% wet] 
Air OF25 
1 0.9 26.5 107 485 
2 0.9 53.0 215 1126 
4 0.9 106.0 429 2345 
6 0.9 159.0 644 3559 
8 0.9 212.0 1504 - 
- 0.9 (0.00% wt KCl) - - - 
- 0.9 (6.68 %wt KCl) - - - 
*Varied to keep the inlet concentration constant for the OF25 case. 
Measuring ports M2–M5, M7, and M8 were used for both compositional and temperature 
measurements inside the furnace. The oxidizer composition was measured at M15. The aerosol 
measurements were performed only in the center position of M3. More details regarding the 
specific measurement setups can be found in the following section.  
4.2 Measurement techniques 
Several measurement techniques were used in this work to characterize the alkali sulfation 
behavior, as well as to investigate the interactions between K, Cl, and S and examine how these 
interactions influence the overall combustion chemistry. Most of the measurements were gas 
composition measurements, although some aerosol measurements were also performed. All the 
measurement technologies, for both the gas composition and aerosol measurements, were 
extractive, except for the IACM™ system, which involves online analyses. The gas temperature 
was measured as a complement to the other measurements.  
4.2.1 Gas composition 
All the gas composition measurements performed were extractive, except for the IACM™ 
system (an online measurement). The same sampling system was used, even though different 
analyzers were used for the different components. The sampling was performed using a water-
cooled probe with an outer diameter of 45 mm. The probe consisted of three coaxial tubes, 
whereby the inner tube had an inner diameter of 8 mm through which the gas was sampled (see 
Figure 10). The inner tube was electrically heated to maintain a constant temperature of 140°C, 
avoiding condensation. There was also the possibility to mount a ceramic filter at the front of 
the probe, to prevent particles from entering the probe together with the sampling gas. The back 
end of the probe was connected to a heated pump using a heated hose (both set at 180°C). After 
the pump, the sampled gas was led through a heated (180°C) hose either directly to the gas 
analyzer (if the analyzer was measuring on a wet gas basis) or via a condenser operating at 4°C 
(if the gases are to be analyzed on a dry gas basis).  
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Figure 10. Schematic of the system used for measuring gas concentrations.  
Four different analytical systems were used, which together covered a wide range of 
concentrations and different measuring principles. The NGA 2000 analyzer was used for 
measuring the levels of CO, CO2, O2 and SO2. This instrument uses the paramagnetic principle 
(O2), non-dispersive ultraviolet sensors (SO2), and non-dispersive infrared sensors (CO and 
CO2). The BINOS 100 analyzer was used to measure the levels of CO2 and O2 using IR and 
electrochemical sensors. Both the NGA 2000 and BINOS 100 instruments are from Emersson 
(St. Louis, Missouri, USA). Two different Fourier transform infrared spectroscopy (FTIR) 
systems were used: MB9100 (Bomem Inc., Quebec City, Quebec, Canada) and MultiGas 2030 
(MKS Instrument Inc., Andover, Massachusetts, USA). These systems generally measure warm 
(190°C) and wet gases and can be used to detect a wide range of different compounds. In this 
work, they were, however, used to measure the levels of HCl (MB9100) and nitric oxides 
(MultiGas 2030).  
4.2.1.1 Controlled condensation 
Controlled condensation, which is a technique for measuring SO3 (as H2SO4) in flue gases, has 
similar or superior accuracy compared to the “salt method” and isopropanol absorption under 
both air-fuel and oxy-fuel conditions [111, 112]. Therefore, this method was chosen for the 
present work. For this method, the flue gas sample is cooled in a water-bath to a temperature of 
between 80°C and 90°C (see Figure 11). For the concentrations found in flue gases, this 
temperature interval is located between the dew-point of sulfuric acid (H2SO4) and that of water 
vapor. In the presence of water vapor, SO3 will form sulfuric acid, which will condense in the 
cooling tube, while the water vapor follows the main gas stream. The condensed acid is 
collected over a defined time period (a lower concentration requires a longer measurement time) 
and with a defined volume flow. The collected acid is quantified by titration, to determine the 
amount of sulfuric acid, from which the concentration of SO3 in the flue gases is calculated. To 
avoid sampling losses, it is important to keep the flue gas temperature above the dew-point of 
sulfuric acid before the temperature-controlled condenser. In this work, a sampling probe 
operating at 200°C was used. The probe consisted of three coaxial tubes, similar to the one 
shown in Figure 10 with two exceptions: 1) the temperature was controlled using a thermal oil 
system; and 2) the center tube was composed of quartz glass.  
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Figure 11. Schematic of the cooler system used for SO3 measurements in this work. 
4.2.1.2 IACM™ 
The IACM™ (in situ alkali monitor) is an optical system for online measurements of alkali 
(potassium and sodium) chlorides developed by Vattenfall Research and Development AB. The 
IACM™ is patented in several European countries by Vattenfall AB (EP 1221036). According 
to the Lambert-Beers law, there is, for a fixed wavelength, a linear relationship between the 
absorption and concentration of an absorbing species. This relationship is used in the IACM™ 
system, in which the absorption spectra is analyzed using differential optical absorption 
spectroscopy (DOAS), which compares the minimum and maximum absorption values rather 
than the absolute absorption [113-115]. The IACM™ cannot distinguish between NaCl and 
KCl, however, since potassium is the only alkali metal used in the experiments presented here, 
the measured concentration will be referred to as the concertation of KCl. A UV-light source is 
used and the absorption at wavelengths between 225 nm and 310 nm is analyzed, giving a 
concentration of KCl. KCl must be in the gas phase to be able to absorb light at these 
wavelengths, which is why the condensation temperature of KCl restricts the temperature range 
within which IACM™ can be used. The system is calibrated for temperatures down to 650°C. 
Depending on the level of KCl in the flue gases, there is a risk that the detected concertation 
will be limited by the saturation of KCl in the gas phase [116].  
In this work, the IACM™ system was used to measure the KCl concentration at M7 (Figure 8). 
A schematic of the setup is presented in Figure 12. High-intensity (150-W) UV-light is radiated 
from a L1314 Hamamatsu light source (1). The radiated light passes through two apertures (2) 
with a 90° off-axis parabolic mirror (3) in between. The light is collimated as it leaves the 
mirror, which has a UV-enhanced aluminum coating and a reflective focal length of 6 inches. 
Two ball valves (4) are mounted opposite each other at M7. Both ball valves have an internal 
quartz window that lets the light through without having flue gases leaking out from the furnace. 
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They also have one purge gas connector each. A small purge flow of N2 or Ar was used to 
assure that the system only detected KCl over the 80-cm diameter of the furnace. N2 and Ar 
were used during air-fuel and oxy-fuel firing, respectively. The light that exits the second ball 
valve is collected using a UV-enhanced parabolic collimator (5). The collimator is connected 
to the spectrometer (AVABENCH-75-2048) via an optical fiber. The signal from the 
spectrometer is then analyzed using a standard computer. 
 
Figure 12. Schematic of the IACM™ setup used in this work to measure the concentration of KCl over the 
cross-section at M7. 1, UV-light source; 2, aperture; 3, parabolic mirror; 4, ball valve with window inside; 5, 
collimator connected to a spectrometer via an optical fiber. 
4.2.2 Particle measurements 
Most combustion processes form particulates, such as soot and inorganic aerosols. 
Measurements of such particulates at flue gas temperatures <500℃ have been performed and 
presented in the literature for several different fuels and combustion technologies. In such 
measurements, different types of suction probes have been used [58-60, 62, 63, 117, 118]. These 
suction probes have in common a temperature-controlled tube with an inner tube through which 
the flue gases may be isokinetically sampled from the furnace. The probe is cooled using a 
cooling medium, and the sample gas is also cooled using a dilution gas injected into the probe 
tip. The extracted particles are then quantified and analyzed using suitable measurement 
techniques.  
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4.2.2.1 Extraction of particles 
Extracting particles at high temperatures (>600℃) is difficult, especially during biomass 
combustion in which the concentrations of inorganic species (which typically condense at such 
temperatures) are relatively high. Condensation may affect the result by changing both the 
composition and the size of the particles during the extraction. Valmari et al. [119] avoided 
condensation by inserting the equipment into the flue gas path (convection path, about 650℃). 
Strand et al. [120] and Lind et al. [121] have performed high-temperature (750℃ and 830℃, 
respectively) particle extractions using a suction probe that was designed to meet the criteria 
for cooling rate, dilution, and residence time, in order to avoid problems with agglomeration 
and/or the condensation of gaseous compounds. Wiinikka et al. [122] have presented results 
from particle extractions from a 8-kW wood pellet combustor for even higher temperatures, up 
to 1450℃, which corresponds to the in-flame temperature condition. Similar experimental 
setups have been used more recently, e.g., by Fernandes et al, [123], even though they measured 
at a lower temperature of around 900°C. 
The extracted sample should be adjusted to a high dilution ratio (1:100), so that the vapor 
condensates on the probe walls instead of on the already existing particles, thereby minimizing 
the risk of an altered particle size distribution [120]. It is also important to have a cooling rate 
of >600℃/s so as favor homogenous nucleation over heterogeneous nucleation. This will 
produce many nano-sized particles, but keeps the sampled particles less affected [124, 125]. 
Coagulation of particles can take place spontaneously due to relative motion and is strongly 
dependent upon the particle concentration and residence time. A residence time of 0.2 s is 
sufficient for a particle concentration of 1018 to decrease by as much as a factor 1000. This will 
increase the mean particle diameter correspondingly [126]. A high dilution rate and a short 
residence time between the probe tip and the measurement equipment are therefore preferable.  
4.2.2.2 Our setup 
In this work, the particle measurements were performed by sampling at the center position of 
M3 using a suction probe. The probe, which was maintained at a temperature of 120°C using a 
thermal oil system, was connected to a vacuum pump that was used to extract the sample 
volume from the furnace. The sample was taken via the opening at the tip of the probe (indicated 
with a green arrow in Figure 13). Soon after the sample flow entered the probe, it was diluted 
with nitrogen (indicated with blue arrows in Figure 13), and the diluted sample exited the probe 
at the back end. The gas temperature at the probe inlet was <250°C, which enabled a sufficient 
cooling rate. The dilution rate of approximately five in the probe resulted in a residence time in 
the probe of about 0.5 s, which was too short for any significant wall condensation to occur.  
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Figure 13. Cross-sectional drawing showing the tip of the particle-sampling probe used in this work. The green 
arrow indicates the hole through which the sample is taken. The blue arrows represent the dilution gas, and the 
orange arrows represent the flow of thermal oil.  
The sample flow extracted using the suction probe was split after the probe, as indicated in 
Figure 14. The main part of the sample stream passed through the DLPI as well as the vacuum 
pump used to create the low pressure level needed for the DLPI. The system can be run also 
without the DLPI, in which case the pump is only used to create a suction flow through the 
probe. A slipstream can be used for analysis in a SMPS and VT-DMA. This slipstream was 
further diluted in two steps. After each dilution step, the main part of the flow was ejected so 
as to reduce the total flow downstream in the system. The flow going in to the SMPS and VT-
DMA had a dilution rate of around 375 (including the dilution factor in the probe). 
 
Figure 14. Schematic of the particle aerosol sampling and analysis system used in this work.  
4.2.2.3 DLPI 
The mass size classification of particles is usually accomplished using a low-pressure impactor 
(LPI), which separates particles in the range of 30 nm to 10 𝜇m. A cascade impactor has a lower 
limit at 300 nm (see Figure 15 for a depiction of the impactor principle). Cyclones are used for 
collecting larger particles and for preventing large particles form filling the top stage of the LPI 
[58-60, 62, 63, 117, 118, 124, 125, 127]. Currently, the most commonly used LPI is the Dekati 
low-pressure impactor (DLPI). The DLPI has a slightly different design and has two additional 
stages (13 in total), giving better performance than the older-generation Berner low-pressure 
impactor (BLPI) [127].  
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The performance of a LPI is related to the temperature and pressure conditions. For a BLPI, an 
increase in temperature from 20℃ to 160℃ changes the cut diameter (also referred to as d50, 
defined as the particle size collected with 50% efficiency) by5%–50%; the largest deviation is 
found for the smallest particles [119]. It is therefore important to consider the LPI calibration 
conditions. Performance parameters for temperatures other than the calibration temperature 
may be estimated using correlations [119, 128]. In this work, the DLPI was heated to 100°C, 
which is higher than the calibrated temperature, in order to avoid condensation of the flue gas 
species within the DLPI.  
In each of the LPI stages, there is a collector. The collectors usually consist of a piece of 
aluminum foil coated with vacuum grease (to prevent the particles from moving on the foil). If 
the LPI is operated at high temperatures, other materials are used for the collectors. The 
collectors should be heated both before and after operation, to dry the samples and minimize 
the possibility of a weighing error due to humidity [60, 63, 119, 121]. 
 
 
 
Figure 15. Simplified drawing of an impactor used for measurements of gravimetric particle size distribution. 
The sample stream enters at the top into the first collection plate. The largest particles hit the plate, whereas 
the smaller particles tend to follow the gas stream to the next stage. Each stage is smaller than the previous 
one, which increases the flow speed and forces smaller particles to contact a collection plate. 
4.2.2.4 SMPS and VTDMA 
The scanning mobility particle sizer (SMPS) is widely used for atmospheric particle 
measurements, as well as for measurements of particles in combustion processes [58, 63, 118, 
120, 129]. The SMPS consists of two parts: a differential mobility analyzer (DMA), and a 
condensation particle counter (CPC) (Figure 16). The DMA technology, which has been used 
for a long time to characterize aerosols in gas flows [130], uses two coaxial cylinder electrodes 
to create an electrical field perpendicular to the sample stream. The electrodes are usually two 
coaxial cylinders, to avoid the end effects associated the use of plates [131]. The relationship 
between the electrical field and the particle velocity and diameter makes it possible to control 
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the size of the particles exiting the instrument. The particles are charged before entering the 
electrical field. In the SMPS system used in this work, the particles are charged via the bipolar 
diffusion created by a radioactive source (85Kr). As shown in Figure 16 (left-hand side), the 
charged particles enter a laminar flow of inert gas, typically N2. Due to the laminar flow 
conditions applied, the horizontal motion of the particles is in principle only influenced by the 
electrical force between the particles and the charged cylinder in the middle of the chamber. 
The horizontal velocity will be higher for smaller particles (dark-blue dots in the figure) and 
therefore they will reach the center before they reach the openings in the center cylinder. The 
opposite will be the case for particles that are too large (red dots in the figure), as they will not 
reach the center or will do so first below the openings. By controlling the vertical velocity and 
the electrical field (the horizontal velocity), it is possible to choose the diameter of the particles 
leaving the DMA (green dots in the figure). Even though systems have been developed for the 
detection of particles with diameters down to 1 nm, the DMA system is the most commonly 
used for the detection of particles with diameters between 10 nm and 1000 nm. For particles 
with diameters of <10 nm, the risk for particle losses due to Brownian diffusion is increased, 
which would cause problems already upstream of the DMA [131-133].  
The monodisperse particle flow exiting the DMA is introduced into the CPC, which counts the 
particles passing the detector (right-hand side of Figure 16). In this way, the SMPS determines 
the number of particles for a certain size of particulate. In the CPC, the particles are coated with 
a liquid (in this work, iso-butanol), which increases the particle diameter, before entering the 
detection chamber. The detection chamber consists of a light source and an optical detector for 
counting the particles.  
A volatility tandem DMA (VTDAM) is created by adding a second DMA, together with an 
oven, prior to the SMPS. The VTDMA is used to quantify the volatility of the particles [132]. 
A monodisperse particle flow created by the first DMA is heated in the oven before entering 
the SMPS. It is then possible to estimate the degree of devolatilization by measuring the change 
in particle size distribution.  
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Figure 16. Schematic of a SMPS that consists of two parts: a DMA (left) and a CPC (right), connected in series.  
4.2.3 Temperature measurements 
The temperature of the gas inside the furnace was measured using a suction pyrometer. The 
suction pyrometer is a water-cooled suction probe equipped with a thermocouple (type B). The 
measuring point of the thermocouple is about 13 cm in front of the water-cooled probe. The 
thermocouple is shielded by two ceramic coaxial tubes, such that the outer tube has an inlet 
hole through which the sample gas enters (see Figure 17). The reason for having the ceramics 
protecting the thermocouple is to prevent it being influenced by radiation, which could 
otherwise influence the measurement. The flow of sample gas is created by connecting the 
probe to a pump and maintaining an appropriate gas velocity over the thermocouple. There is a 
trade-off between having an increased measuring error due to a low velocity and losing the 
accuracy of spatial precision, since the gas from a larger volume will enter the probe. 
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Figure 17. The thermocouple (blue line) is shielded by a ceramic tube with only the thermocouple junction 
being exposed to the flue gas flow. This point is about 13 cm in front of the water-cooled probe and is protected 
by a second ceramic tube with a hole through which the hot gases (red arrows) enter. 
4.3 Evaluation of sulfation measurement methods 
The development of an experimental setup suitable for investigating the alkali- and sulfur-
related chemistries was also part of this work. This includes the injection system for aqueous 
solutions with KCl (see Section 4.1) and the evaluation of different methods for measuring the 
degree of sulfation under conditions relevant to this work. The degree of sulfation is defined as 
the ratio between the amount of potassium bound as sulfates and the total amount of potassium 
(Equation 1). Two methods based on gas composition measurements using FTIR (HCl) and the 
IACM™ (KCl) were tested, together with aerosol measurements using DLPI and SMPS in 
combination with a VT-DMA, giving a total of four different techniques. A short evaluation of 
each method is presented in this section.  
 2𝑛𝐾2𝑆𝑂4
𝑛𝐾𝑡𝑜𝑡
= 𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑢𝑙𝑓𝑎𝑡𝑖𝑜𝑛 Equation 1 
 
4.3.1 HCl measurements (FTIR) 
Using an FTIR system to determine the degree of sulfation by measuring the HCl concentration 
is an indirect method, since it does not involve any potassium-containing species. However, in 
the system used in the present work, the injected KCl was the only source of Cl, which meant 
that any chlorine found in the form of HCl had to have originated from the injected KCl. The 
potassium releases the chlorine not only when the final K2SO4 is formed, but also when K, KO 
or KOH is formed. The HCl measurements were performed at M8, where the temperature was 
<600°C, which is why it is assumed that KCl and K2SO4 are the only potassium-containing 
species detected. This assumption is also supported by simulations. When using this method, 
the degree of sulfation is estimated using Equation 2: 
 𝑛𝐻𝐶𝑙
𝑛𝐾𝑡𝑜𝑡
≈ 𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑢𝑙𝑓𝑎𝑡𝑖𝑜𝑛 Equation 2 
 
Figure 18 presents a continuous measurement of HCl for the OF25 case, in which the SO2 
concentration exceeded 2000 ppm. After 200 s, the injection of KCl was started and a clear 
increase in HCl concentration was observed. The opposite was observed at 600 s when the 
injection of KCl was terminated. The HCl concentration obtained when the KCl injection had 
stopped was slightly higher than that before the injection was started. When HCl was measured 
in a system that was completely free of HCl the instrument indicated a level of 0–3 ppm. 
Achieving this level again, after KCl had been injected, required several hours of operation and 
a slight increase in the “background” signal was therefore accepted. However, it should be noted 
that after a full day of experiments, the background level was never above 15 ppm. It is also 
noteworthy that the time required to reach a concentration of HCl lower than 3 ppm was 
drastically shortened when the SO2 injection was stopped. When the injection was restarted, the 
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HCl level increased, which suggests that over time some KCl forms deposits that are slowly 
sulfated, resulting in a detectable amount of HCl. In the experimental work, only those 
measurements that showed a significant increase in HCl concentration, as a result of KCl 
injection, were considered to be accurate.  
 
Figure 18. Continuous measurement of the HCl concentration using an FTIR during oxy-fuel operation with 
>2000 ppm of SO2 in the flue gas. The injection KCl was started at 200 s and turned off again at 600 s.  
The clear response profile of the HCl concentration obtained as a result of KCl injection 
indicates that the system works. As mentioned above, the method has value only under certain 
conditions, such as KCl being the only source of Cl and KCl and K2SO4 being the only 
potassium-containing species present. Based on this, the method is considered suitable for 
determination of the degree of sulfation at the flue gas exit (M8) for a combustion system such 
as that used in this work. It is, however, not suitable for flame measurements or for 
measurements that include solid fuels.  
4.3.2 KCl measurements (IACM™) 
The IACM™ system was used to determine the degree of sulfation by measuring the KCl 
concentration. Assuming that the only forms that potassium can take in the measuring location 
are KCl and K2SO4, it is possible to calculate the degree of sulfation based on the reduction in 
KCl concentration (Equation 3).  
 𝑛𝐾𝐶𝑙
𝑖𝑛𝑙𝑒𝑡 − 𝑛𝐾𝐶𝑙
𝑛𝐾𝑡𝑜𝑡
≈ 𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑢𝑙𝑓𝑎𝑡𝑖𝑜𝑛 Equation 3 
 
Since the IACM™ measures the absorption of light, it is important to have a well-defined 
volume across which one can measure, in this case the diameter of the combustion unit (80 cm). 
A purge gas was used to prevent the flue gas from diffusing into the measuring ports. The 
temperature at the measuring position is also important, since it affects the density of the gas. 
The temperature was therefore measured along the diameter of M7, for both the air-fuel and 
oxy-fuel (OF25) combustion. This information was then implemented in the analysis software 
used to calculate the KCl concentration. One of the obtained KCl profiles is shown in Figure 
19. The measurement was performed during air-fuel combustion and at time zero, neither KCl 
nor SO2 was injected. The KCl injection was initiated after 3 minutes, and continued for 30 
minutes before being turned off. There was a rapid increase in the KCl concentration as soon 
as the injection started. The measured KCl concertation varied between around 85 ppm and 105 
ppm, with an average level of 96 ppm, which is close to the theoretical target of 100 ppm. 
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Similar trends were found in all the air-fired experiments, albeit with slightly different mean 
concentrations. The system used for KCl injection operated at 7 bar due to the pressure drop 
over the spray nozzle. When the pump was stopped, the injection continued but with a 
decreasing flow until the system was depressurized. This explains the slightly slower response 
of the KCl concentration when the injection was turned off, as compared to when it was started 
(Figure 19). Nevertheless, the overall response was rapid and the system, as expected, was 
capable of measuring the KCl concertation during air-fuel combustion. Therefore, this system 
was also used for the sulfation measurements at M7, where the aforementioned requirements 
were fulfilled.  
 
Figure 19. Continuous measurement of KCl at M7 using the IACM™. At time 0, there is no injection of KCl.- 
KCl injection starts after 3 minutes and continues for 30 minutes. 
The IACM™ system has been used in numerous experiments in both research and industrial 
facilities, all of which have been air-fired units. The present experimental series was the very 
first time that it was used to assay flue gases originating from oxy-fuel combustion. During this 
measurement campaign, the IACM™ did not perform as well during oxy-fuel combustion as 
during air-fuel combustion. When only KCl was injected during oxy-fuel combustion the 
measured concentration of KCl was lower than that detected for air-fuel combustion (around 
85 ppm), even though it should theoretically have been higher due to the lower volumetric flue 
gas flow. In addition, the degree of sulfation assessed with the IACM™ was always much lower 
than that obtained with the FTIR or obtained from the simulations. Certain differences between 
air-fuel and oxy-fuel combustion could be important for the measurements, for example, the 
temperature, which was considered during the evaluation. Another difference is the replacement 
of nitrogen with carbon dioxide as the main flue gas component; at the time of the experiments, 
the IACM™ had never been calibrated for high CO2 concentrations. CO2 has been reported to 
absorb light at wavelengths in the range of 200–300 nm at temperatures >600°C [134]. This is 
in the same range as that used in the IACM™, which could have influenced the result. On the 
one hand, SO2 absorbs light at wavelengths between 290 nm and 310 nm, which is used by the 
instrument to measure also the SO2 concentration. The IACM™, on the other hand, had never 
been used to measure or had never been calibrated for such SO2 concentrations as high as those 
found in the oxy-fuel cases in the present work. Due to these uncertainties, the IACM™ was 
used only for KCl measurements during air-fuel combustion. It is, however, possible to use the 
IACM™ also for oxy-fuel combustion, although some additional development work would be 
required.  
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4.3.3 Aerosol measurements 
Aerosol measurements were conducted using the SMPS, VT-DMA, and DLPI. A representative 
result from the VT-DMA measurement campaign is shown in Figure 20. The measurement was 
performed for the Air case at the center of port M3 and compares the relative volume fractions 
for 80-nm particles during KCl injection, together with data for combined injection of KCl and 
SO2. The monodisperse particle stream of 80 nm was heated before re-measurement of the size 
distribution, making it possible to detect changes caused by the increase in temperature. This 
relative loss in volume is presented for temperatures in the range of 400°–800°C in Figure 20. 
The main volume loss both with and without SO2 injection occurred between 475°C and 550°C, 
although in the case of combined KCl and SO2 injection about 6.7% of the mass was still 
measured for temperatures >600°C. The remaining volume found at these temperatures 
indicates that something other than KCl is detected – presumably K2SO4 – which has a much 
higher evaporation temperature than KCl. If the measurement had included higher 
temperatures, it would have been easier to classify the remaining mass.  
 
Figure 20. Relative volume fractions measured with VT-DMA at port M3(center position) during air-fuel 
combustion with KCl injection and with or without SO2 injection. The measurements were performed for 
particles that had a diameter of 80 nm. 
Using the DLPI, it was possible to collect the sampled particles (in this case, soot and 
potassium-containing aerosols) in 13 different size ranges. By weighing the foils before and 
after the particle sampling, the particle concentrations and size distribution (by mass) could be 
calculated. Unfortunately, accurate weighing could not be performed due to errors that occurred 
during the reference weighing. However, photographs of the first nine stages (d50 30 nm to 
1060 nm) from measurements taken during the injection of KCl are shown in Figure 21. In 
these photographs, clear differences between the individual stages can be observed. There are 
visible aggregates of particles in stages 01–05. The aggregates are not as pronounced in stages 
06 and 07, and in stages 08 and 09, there is only a thin white layer that is difficult to discern. 
The white layer can be found to varying extents in all the advanced stages. The aggregates are 
darker and larger on the plates used during the measurements without KCl injection. In addition, 
the white thin layer was not found in the foils from the experiments that did not involve KCl  
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injection. Therefore, this layer is believed to be the result of salt condensation or the 
condensation of water when the DLPI is cooled. Judging from the photographs in Figure 21, 
most of the particles appear to be smaller than 400 nm. DLPI measurements give, however, no 
information as to the composition of the particles, so additional analyses using, for example, 
SEM-EDX. In this way, the aerosols could be distinguished from the soot particles together 
with the composition.   
 
Figure 21. Photographs of the collecting foils used for the nine first stages (d50 30 nm to 1060 nm) in the DLPI 
during the injection of KCl into the flame. 
As measurement port M3 is relatively close to the burner, sampling at M3 should reflect an 
early stage of the sulfation process, and this turned out to be the case. The degree of sulfation 
detected using the VT-DMA (6.7%) was therefore considered plausible. To increase the level 
of accuracy, it would be important to cover the entire size distribution, since the individual 
shares of KCl and K2SO4 might vary for different particle sizes. Given the high melting 
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temperature of sulfated potassium, it would be expected to condensate almost immediately after 
formation. In contrast, one would expect the KCl to be found in the gas phase within the 
combustion unit. Aerosols are formed first during the sampling, where homogenous nucleation 
is favored, resulting in smaller particles. While tests were performed to include the whole size 
distribution, no useful data were obtained from these measurements. Two parts of the setup 
were considered to be problematic. First, the heating and cooling times of the oven used to heat-
treat the particles were long, making this a very time-consuming measurement, especially when 
several size ranges were to be investigated separately. Second, instabilities in the sampling 
system, including the dilution steps, resulted in too-large fluctuations over time, making it 
impossible to draw any valid conclusions. 
Due to the problems identified with our aerosol setup and the need for additional analysis using 
the DLPI, this setup was abandoned in the present work. Furthermore, the FTIR and IACM™ 
system was found to be suitable for this work. We believe that it is not only possible to improve 
the setup using these techniques (SMPS, VT-DMA and DLPI) to measure the degree of 
sulfation, but it is also a requirement if measurements are to be performed for which the use of 
FTIR and IACM™ is no longer considered valid, e.g., experiments involving the combustion 
of solid fuels or when performing flame measurements for gaseous fuels, as in this work.  
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5 Modelling 
Simulations have been performed in all the papers included in this thesis. Each paper has an 
individual simulation set-up adapted for that specific investigation. The simulations can be 
divided into two types: 1) combustion simulations, in which fuel oxidation is included; and 2) 
flue gas simulations in which the oxidation of CO is included but there are no hydrocarbons 
present. All the simulations were performed using a PFR model in the Chemkin software, into 
which one of the three different mechanisms (Mechanisms A, B and C) used was implemented. 
More information about the mechanism can be found in Section 5.1.  
5.1 Reaction mechanisms 
As mentioned above, three different mechanisms are used in this work. The mechanisms 
contain all the reactions and reaction properties that are used in the simulations. A mechanism 
is divided into different subsets (groups of reactions). The development of these subsets is not 
part of this work, as all of them have been taken from the literature. It is important to point out 
that these subsets from the literature are used in combinations and with conditions for which 
they may not have been validated. The mechanisms are used to capture trends and general 
differences compared to the experimental data, and for this purpose, the mechanisms are 
assumed to be sufficient. A short description of the different mechanisms used is presented here 
and includes the different subsets used. The complete mechanisms with all their respective 
reactions can be found in the Appendix.  
5.1.1 Mechanism A 
Mechanism A, which is used in Papers I, III and IV, is taken from the work of Hindiyarti et al. 
[36], and it includes K, Cl, and S subsets, as well as a subset for CO/O/H reactions. 
Mechanism A also includes the estimation of K2SO4 condensation listed by Li et al. [74]. The 
mechanism presented by Hindiyarti et al. [36] uses a mechanism, earlier presented by Glarborg 
and Marshall [94], as its basis. The earlier mechanism included both potassium and sodium, 
while the latter was removed in this new mechanism for simplicity, based on the argument that 
potassium and sodium are very similar in their reactions (as has been discussed also earlier in 
this work). This is why it is possible to allow potassium to represent both alkali species. 
However, Hindiyarti and coworkers added a number of elementary reactions, together with two 
new potassium species, KHSO3 and KSO4. Previously presented thermodynamic data were 
used when possible, otherwise they were estimated using the Gaussian 3 ab initio methods 
described elsewhere [94, 135, 136]. The sulfur subset used in this mechanism was taken from  
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the literature [33, 137, 138], and it covers the relationship between SO2 and SO3, which is 
important for the sulfation of alkali-metals. For validation of their complete mechanism, 
Hindiyarti et al. used the results from the experimental studies of Iisa et al. [67], Jensen et al. 
[65], and Jimenez and Balester [139, 140]. The mechanism was developed to describe the 
sulfation of potassium in flue gases derived from combustion in air in the temperature range of 
900°C–1300°C.  
5.1.2 Mechanism B 
This mechanism, which was employed in Paper II, was used to study the sulfation process, 
including also the combustion of propane. All the subsets used in Mechanism A were also used 
in Mechanism B, with the addition of three subsets that describe the oxidation of C1-, C2-, and 
C3-hydrocarbons, respectively. The hydrocarbon oxidation subsets are based on the studies of 
Glarborg et al. [141, 142], Alzueta et al. [143] and Abián et al. [144]. This combination of 
subsets used in Mechanism B has not been validated, although the included subsets have been 
validated individually in a previous work. Therefore, the present work evaluates the influences 
of the C1–C3 subsets on the sulfation chemistry. An example from the evaluation is presented 
in Figure 22. Figure 22a shows the mole fraction of K2SO4 at the outlet of an isothermal PFR, 
calculated with and without the C1–C3 subsets. There is a noticeable difference at temperatures 
<700°C, where sulfation is initiated at slightly lower temperatures. These temperatures are 
lower than those that Ilisa et al. [67] applied in their work, a study which was used by Hindiyarti 
et al. [36] for validation purposes. Figure 22, b and c show the formation of K2SO4 at 660°C 
and 1000°C, respectively. For the lower temperature, the sulfation process is faster when the 
hydrocarbon chemistry is included (although no hydrocarbons are present). At higher 
temperatures, no difference is observed. The degree of sulfation and the equilibrium are not 
affected by including the C1–C3 subsets. In summary, a small but noticeable effect can be 
caused at temperatures <700°C by merging the two mechanisms, which is a phenomenon that 
deserves closer attention. In this work, the merged mechanism is used to evaluate the 
experimental study based on an 80-kW propane flame, which is obviously not an ideal setup 
for validating the mechanism. However, the combination of modeling and experimental results 
strongly indicates that the employed mechanism is appropriate for the purpose of this work.  
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Figure 22. Results from an isothermal PFR model that includes only the sulfation mechanism and the sulfation 
mechanism together with the C1–C3 subsets. The PFR is fed with a gas flow with the following composition: 
20% CO2, 20% CO, 12.5% O2, 400 ppm SO2, 100 ppm KCl, and N2 set by difference. a) Molar fractions of 
K2SO4 at the outlet for temperatures in the range of 600°–1800°C, together with the relative differences between 
the two mechanisms. b) and c) Molar fractions of K2SO4 throughout the reactor at temperatures of 660°C and 
1000°C, respectively.  
5.1.3 Mechanism C 
Similar to Mechanism B, Mechanism C covers the oxidation of hydrocarbons (C1–C3), for 
which the same subsets were used. In Mechanism B, these subsets were added to Mechanism A, 
which was not the case here. Instead, a mechanism that included the oxidation of hydrocarbons, 
as well as nitrogen and sulfur chemistry, was used. This mechanism has been used previously 
to compare the results of bench-scale experiments and experiments performed in the same 
combustion unit as that used in the present work [31, 109]. As mentioned, this mechanism has 
the same subsets that describe the oxidation of C1–C3, although in this mechanism, the 
CO/H/OH reactions are also taken from the studies of Glarborg et al. [141, 142] and Alzueta et 
al. [143]. The subsets that describe the nitrogen chemistry and its interactions with 
hydrocarbons are based on the works of Glarborg et al. [142, 145] and Dagaut et al. [146], and 
the sulfur chemistry is based on the studies of Giménez-López et al. [32] and Alzueta et al. 
[147]. The K and Cl subsets from Mechanism A were then added to the other subsets to create 
Mechanism C.  
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Mechanism C was used in Paper V, in which the influences of KCl and SO2 on the NO 
chemistry were investigated. Therefore, it was important to maintain the nitrogen chemistry as 
accurately as possible when creating Mechanism C, which was the reason for adding the K and 
Cl subsets to the mechanism previously used by Fleig et al. [31, 109], instead of adding the 
nitrogen chemistry to Mechanism B. When comparing the different combinations of subsets it 
emerged that the nitrogen was affected by the differences in the CO/OH/H reactions. This is 
apparent in Figure 23, which shows the NO concentration profiles resulting from simulations 
similar to FR-Ref (see Table 5), where KCl is not present but still the different mechanisms 
behave differently. The concentration of NO is less than half that using Mechanism B+N 
compared to the other two mechanisms. Mechanism C was therefore assumed to be the most 
suitable mechanism for the purposes of Paper V.  
 
Figure 23. NO concentration profiles of the simulated PFR. The simulation settings are the same in all three 
cases and are also similar to the FR-Ref case (see Table 5), although the following three different mechanisms 
have been used: 1) the mechanism previously used by Fleig et al. [31, 109] (Fleig); 2) the mechanism where 
the nitrogen chemistry has been added to Mechanism B used in this work (Mechanism B+ N); and 3) Mechanism 
C, as it is used in this work.  
5.2 Sulfation simulations  
The sulfation of potassium chlorine is simulated in Paper I, II and III using two different 
mechanisms (Mechanism A and B) with three different approaches. The flue gas simulations 
are performed using Mechanism A. The work presented in Paper I includes an air-fired case 
and two oxy-fuel cases both with 25 % oxygen, but applying wet and dry flue gas recirculation 
denoted AirFG, OF25FG wet and OF25FG dry, respectively. For these cases the temperature 
profile is linearly decreasing from 1600°C down to 500°C. In all three cases the same reactor 
geometry is used causing differences in residence time, see Table 3. The inlet composition, 
presented in Table 3, is based on complete combustion (stoichiometric-ratio equal to 1.2) of a 
fuel mix with 90% coal and 10% biomass. It is assumed that all S, K and Cl are released to the 
gas phase. For more details on how the inputs are derived, see Paper I. 
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Table 3. Inlet mole fractions used for flue gas simulations. The 
concentrations are presented on a wet basis. Source: Paper I 
 AirFG OF25FG dry OF25FG wet 
N2 73.9% 6800 ppm 4820 ppm 
CO2 14.5% 85.5% 60.7% 
H2O 8.30% 9.75% 34.8% 
O2 3.27% 3.85% 3.85% 
SO2 417 ppm 2245 ppm 1620 ppm 
KCl 96 ppm 112 ppm 112 ppm 
HCl 6 ppm 7 ppm 287 ppm 
Residence time [s] 4.0 4.6 4.6 
SO2/KCl ratio 4.4 20 14 
Mechanism A was used also in Paper III to investigate the influence of CO oxidation on the 
sulfation of KCl using a PFR model. The PFR was modeled isothermally at temperatures in the 
range of 800°C to 1800°C, and was set to have a constant velocity and to maintain a constant 
residence time of 10 s in all cases. The inlet concentrations represent flue gas compositions (N2, 
O2, H2O and CO2) and are based on complete combustion of propane in air with an air-to-fuel 
ratio of 1.15. For this case, 100 ppm of KCl and 600 ppm of SO2 were added to the inlet 
composition. This case is the reference case used to represent a nitrogen based environment, 
N2-Ref. A second reference case, CO2-Ref, was created by replacing all nitrogen in N2-Ref with 
CO2. The influence of CO oxidation was studied by adding 3% CO to both reference cases and 
adjusting the O2 and CO2 concentrations while keeping the total mass flow constant. In all four 
cases, the oxygen was added through a separate inlet, to gradually oxidize the CO in the two 
CO cases. This was done using a linear injection profile between 0 s to 4 s residence time. The 
influences of the CO were investigated further by varying them from 0% up to 3%. The different 
cases are summarized in Table 4 and further details are found in Paper III.  
Table 4. Summary of the inlet concentrations for the six cases investigated in this work. 
Source: Paper III.  
  N2 CO2 Investigated 
  Ref CO No O2 Ref CO No O2 interval  
N2 mol% bd bd Bd 0 0 0  
CO2 mol% 10.2 7.2 7.2 bd bd bd  
H2O mol% 13.6 13.6 13.6 13.6 13.6 13.6  
O2 mol% 2.5 4.1 0 2.5 4.1 0  
CO mol% 0 3 3 0 3 3 0–3 
KCl ppm 100 100 100 100 100 100  
SO2 ppm 600 600 600 600 600 600 800–1800 
Temp °C        
bd = by difference 
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The combustion simulations basically include two cases that represent the Air and OF25 
conditions that are investigated experimentally. Fuel oxidation is important in this study and 
therefore Mechanism B was applied. In order to keep the modelling and experimental results 
separated, the modelled cases will be denoted as AirM and OF25M. The same reactor geometries 
and temperature profile (see Figure 24 for the temperature profile) is used in both cases. 
However, due to different total flows, the reactor residence time is different between the two 
cases (4.4 s for the AirM case and 5.6 s for the OF25M case). To describe the influence of the 
radial mixing in the flame zone (which is assumed perfect in a PFR) the oxidizer is staged as is 
shown in Figure 24. The same cumulative oxidizer injection profile is used in both cases. The 
fuel (propane) feed and oxidizer inlet composition is the same as in the test unit during the 
experiments (see Table 2). 
 
Figure 24. The temperature profile (solid line) and cumulative oxidizer injection profile (dashed line) used 
for the simulations including combustion of propane. Source: Paper II. 
5.3 NO simulations  
The combustion in a flame is limited by the mixing of fuel and oxygen in a diffusion process. 
A fuel-rich zone is formed that is surrounded by an oxygen-rich zone (see Figure 25a). When 
mixing takes place there will be two cases, either oxygen will be transported into the fuel-rich 
zone or combustibles will be transported out through the oxygen-rich zone. Since a PFR model 
is applied in this work no radial mixing occurs and therefore two scenarios are considered that 
will capture the different characteristics of both zones. Each case has an individual injection 
profile that represents the mixing of either oxygen into a fuel rich zone or fuel into a fuel lean 
zone (Figure 25b). The two cases also have individual temperature profiles, as presented in 
Figure 25c; both injection and temperature profiles are based on experimental results from 
measurements that are described in further detail in Paper V. 
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a 
 
b  
c  
Figure 25. a) Schematic of a flame with the two different cases investigated in this work: fuel-rich and oxygen-
rich. b) Cumulative injection profiles used in the simulations in order to mimic the effect of mixing. One used 
for injection of fuel (oxygen rich case) and one for injection of air (fuel rich case). c) Temperature profiles used 
in the simulations performed in this work. Both are based on experimental results that are presented in this 
work as well. One profile represents the center-line (dasched) and the other represets the highest temperature 
in axial direction (dotted). Source: Paper V. 
The simulations that include nitrogen chemistry require Mechanism C, which also is 
implemented in the PFR model. The gas inlet compositions and flows are set to make the model 
comparable with experimental data. If the influence of KCl is investigated, the 8.5 mg/s of KCl 
are introduced together with the fuel stream. In those cases SO2 is introduced at a feed rate of 
about 43.8 mg/s together with the oxidizer, i.e. about six times the KCl flow on a molar basis. 
These inputs are summarized in Table 5. 
Table 5. Summary of input parameters used in the NOx simulations based on 
the 100 kW combustion unit. Source: Paper V. 
 Propane λ Profiles KCl* SO2* 
Case g/s - Temperature Injection mg/s mg/s 
Fuel rich (FR) 1.73 1.15 Centrum Air injection 8.4 43.6 
Oxygen rich (OR) 1.73 1.15 Max Fuel injection 8.4 43.6 
*Note that KCl and SO2 is not always included. 
 
 
Oxygen rich 
Fuel rich (centrum) 
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A sensitivity analysis on the impact on NO formation when switching the atmosphere from 
fuel-lean to fuel-rich was performed in an isothermal PFR set to 1400°C. Both the fuel 
(propane) and air was staged in this case according to Figure 26a. By doing this the conditions 
will switch back and forth between reducing and oxidizing conditions, as can be seen in the 
variations in air to fuel ratio presented in Figure 26b. Mechanism C was used also in this study.  
a  b  
Figure 26. a) The cumulative injection profiles for both the air and the fuel stream used in the isothermal 
reactor and b) The variations in air to fuel ratio in the isothermal reactor. Source: Paper V. 
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6 Results 
In this section, examples of the main results presented in Papers I–V are described, together 
with some additional results that are not included in those papers. These additional results are 
part of the same work and are presented here as a complement to the other data. The specific 
work from which the data are taken is indicated in the legend of the corresponding figure.  
Figure 27 shows photos of the flame with and without KCl injection for the Air flame (Figure 
27a and b respectively) and the OF25 flame (Figure 27c and d respectively). The photos of the 
Air flame are taken in port M2 while the OF25 photos are taken further downstream in M3. The 
change in color is due to the KCl injection and from a visual observation the KCl seems rather 
evenly distributed within the flame already in port M2 (air flame). 
  
  
Figure 27. Photos of the flame taken during operation. The Air case both with and without KCl injection is 
shown in a) and b) respectively, both photos are taken in measurement port M2. The OF25 case is shown in c) 
and d) with and without KCl injection. The OF25 photos are from port M3.  
 
  
a b 
c d 
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Figure 28a shows the experimental and modeling results for the sulfation of KCl during the 
combustion of propane in the 100 kW test unit. Different S/K-ratios were tested by means of 
injection into the furnace, and the corresponding calculations were made using Mechanism B. 
As presented, the degree of sulfation was experimentally determined using two different 
measurement techniques, as indicated by the open (FTIR) and closed (IACM™) symbols in 
Figure 28 The latter was, however, only used for air combustion experiments. As seen, the 
results show a good agreement between modeling and experiments for both combustion 
atmospheres. For the Air case, in which both measurement techniques were used, there is also 
good agreement between the experimental methods. The IACM™ sampling position is located 
upstream of that of the FTIR, which is a plausible explanation for those minor differences; the 
modeling results indicate that the sulfation process is still active at the measurement position of 
the IACM™ system. However, the difference is small and both methods agree well with the 
modeling results.  
Due to the recirculation of the flue gas in oxy-fuel combustion, the concentration of sulfuric 
species is higher in the OF25 case than in the Air case when the same amount of SO2 is fed to 
the system. In Figure 28b, the same data as in Figure 28a are plotted but now the actual S/K-
ratios in the flue gases are presented for both cases. Even though the SO2 concentrations are the 
same for both cases, the degree of sulfation obtained for the OF25 case is higher than that for 
the Air case for flue gas S/K-ratios lower than 14. It is evident that the amount of sulfur available 
in relation to the amount of potassium (S/K-ratio) is an important parameter for the sulfation 
process and this is shown to be valid for both air-fuel and oxy-fuel combustion atmospheres.  
 
Figure 28. Comparison of the modeling and experimental results with respect to: a) the injected sulfur to 
potassium (S/K)-ratio; and b) the S/K-ratio in the flue gas. The solid and dotted lines represent the modeled 
values for the AirM and OF25M cases, respectively. Experimental values are indicated as follows: open 
symbols, FTIR measurements; and closed symbols, IACM™ measurements. Source: Paper II. 
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The degree of sulfation at the outlet of an isothermal PFR was modeled as part of the work 
presented in Paper II. The results are shown in Figure 29 for isothermal temperatures of between 
800°C and 1800°C for N2 and CO2 atmospheres, both when CO is oxidized and with no 
oxidation of CO. Both the N2-Ref and CO2-Ref cases showed peak rates of sulfation at around 
1050°C, and for all the tested temperatures they reached the same degree of sulfation. The two 
cases with CO oxidation (N2-CO and CO2-CO) displayed a trend similar to that of the reference 
cases in both the N2 and CO2 atmospheres at temperatures >1050°C. In contrast, at lower 
temperatures, both the N2-CO case and the CO2-CO case approached 100% sulfation.  
 
Figure 29. The degree of sulfation at the outlet of the isothermal PFR as a function of temperature for N2 and 
CO2 atmospheres, with and without CO oxidation. Source: Paper III.  
At temperatures <1050°C, the most significant differences in the degree of sulfation achieved 
up to the PFR exit were found between the Ref-cases and CO-cases (Figure 29). The difference 
in CO concentration was generally large in those cases (either zero or 3.5 vol.%). Figure 30 
shows the degrees of sulfation at the PFR exit for inlet CO fractions between 0.03 and 1E-7 
when the temperature was set at 800°C, 900°C, and 1000°C, respectively. Here, a clear 
temperature-dependence is evident where the degree of sulfation is >90% for all the 
investigated inlet CO fractions. At 800°C and 900°C, a CO concentration in the range of 1–
10 vol-ppm is sufficient to manifest a clear increase in the degree of sulfation. In addition, 
0.1 vol.% CO at the inlet is sufficient to attain the highest degree of sulfation. The presented 
results are for the N2-based environment. However, the same trend was noted for the CO2 
atmosphere, which is therefore not included in the figure.  
50 
 
 
Figure 30. Degree of sulfation as a function of the inlet volume fraction of CO, presented for the three different 
temperatures of 800°C, 900°C, and 1000°C. The presented results are for an N2-based atmosphere. Source: 
Paper III. 
 
A reaction path analysis of potassium compounds during sulfation of KCl is described in Paper I 
and presented in Figure 31. The figure demonstrates the differences in reaction activities 
between the three cases: AirFG, OF25FG dry, and OF25FG wet, based on the flue gas 
compositions derived from the co-combustion of coal and biomass. The overall reaction activity 
is highest in the OF25FG dry case, even though the formation of K2SO4 is not that much higher 
than in the OF25FG wet case. The AirFG case shows the lowest reaction activity of the three 
cases.  
AirFG OF25FG dry OF25FG wet 
 
 
  
Figure 31. Modeling results for the activities of the important reaction paths involved in the sulfation of KCl in 
flue gases derived from the co-combustion of coal and biomass during air-fuel combustion (AirFG,) and oxy-
fuel combustion with both dry (OF25FG dry) and wet (OF25FG wet) flue gas recirculation being applied. The 
relative thickness of each line indicates the relative activity of each individual pathway, normalized with respect 
to the overall highest activity for all three cases. Source: Paper I. 
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As indicated in the reaction path analysis (Figure 31), some of the reactions in the sulfation 
process involve SO2, while others are based on SO3. The relative importance of these two 
components varies depending on the flue gas composition, as shown in Figure 32. More than 
50% of the K2SO4 formed in the OF25FG wet case can be attributed to reactions that involve 
SO3. This is almost three-times the amount formed via SO3 in the AirFG and OF25FG dry cases. 
However, the fraction of SO3 is largest throughout the entire reactor in the OF25FG dry case, as 
compared to both the AirFG and OF25FG wet cases (Figure 33). The peak fractions for both oxy-
fuel cases are larger than the fraction found in the air-derived flue gases, almost 10-fold and 6-
fold larger, respectively. In contrast, all the SO3 is consumed in both the AirFG and OF25FG wet 
cases, whereas the exit fraction is almost 20 ppm in the OF25FG dry case.  
  
Figure 32. Percentages of the total amount of 
K2SO4 formed via reactions that included SO3 for all 
cases. Source: Paper I. 
Figure 33. Variations in the SO3 concentration 
throughout the reactor for all three flue gas cases 
investigated. Source: Paper I. 
The SO3 concentration was measured at M8 as part of the same measurement campaign as that 
in Paper II. The concentration was measured for different S/K-ratios when both KCl and SO2 
were injected (Figure 34). For an S/K ratio <7, the SO3 concentration is around 10 ppm, and for 
higher S/K ratios, the SO3 is clearly increasing; the same pattern is seen for both the Air and 
OF25 cases. According to the model, a noticeable SO3 concentration is first detected after the 
S/K ratio exceeds 8 and 14 for the OF25M and AirM cases, respectively.  
 
Figure 34. Measured SO3 concentrations at M8 for the Air and OF25 cases (symbols). All the concentrations 
were measured when both SO2 and KCl were injected. The exit concentrations of SO3 from the modeled Air (M) 
and OF25 (M) cases are also included (lines).  
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We compared the degrees of sulfation when equilibrium was reached at various temperatures 
in a CO2-rich atmosphere (Figure 35a) and in a modified CO2-rich case with higher sulfur and 
HCl contents (Figure 35b). The N2 and CO2/H2O cases were also investigated but are not 
shown, since the results were similar to those of the CO2-rich case. The equilibrium favors 
complete sulfation at temperatures lower than 900°C, where the reaction instead is kinetically 
limited. The reaction rate is sufficiently high for sulfation to take place with a residence time 
of 4 s; the sulfation activity is initiated within a temperature window of 800°–1300°C (the case 
in Figure 35a). When the sulfur and chlorine concentrations increase, the sulfation rate 
decreases and the maximum reaction rate is shifted towards lower temperatures, with a 
temperature reduction of about 200°C. The equilibrium-driven sulfation is also shifted towards 
lower temperatures, as is clear from a comparison of the data in Figure 35a and Figure 35b. 
 
Figure 35. a) Degree of sulfation when equilibrium is reached for temperatures between 200°C and 1800°C in 
a CO2 atmosphere. The reaction rate is shown for the same temperature interval. b) The same as in a) but for 
a CO2 case with an S/K-ratio and Cl/K-ratio of 10. The reaction rates shown are normalized with respect to the 
maximum reaction rate in the case without HCl (Figure 35a). 
Figure 36 gives the measured CO concentrations along the furnace centerline at different levels 
in the furnace, as measured in the work of Paper IV. Figure 36a shows the results from air-fuel 
combustion with different additives injected via the burner or via the oxidant, as described 
previously. No significant changes in the CO concentration are seen for any of the injected 
additives. The CO concentration declines with increasing distance from the burner until the 
oxidation is almost complete at a burner distance of 800 mm. The concentrations measured 
close to the burner (215 mm) suggest the presence of a slightly lower concentration of CO when 
the KCl is injected.  
Figure 36b shows that the measured CO concentration in general is higher in oxy-fuel 
combustion than in air-fuel combustion. The figure also indicates that CO oxidation is 
completed more rapidly. In addition, during oxy-fuel operation, the effect on CO oxidation 
when KCl is injected is more significant. As shown, all the cases without KCl injection exhibit 
a higher concentration than those cases that include KCl, at every position from the burner inlet 
up to a distance of 800 mm when oxidation is complete. The effect on the measured CO 
concentration is substantial in the case in which the amount of injected KCl is doubled. 
However, despite this demonstrated effect of KCl injection on the in-flame CO concentration, 
the total time for CO oxidation remains in principle the same with and without KCl injection. 
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a   b  
Figure 36. CO concentrations for five Air cases (a) and six OF25 cases (b) with and without injection of KCl, 
SO2 and water. The cases are defined as follows; Ref, reference case (no injection), W – injection of pure water, 
K – injection of KCl, S – injection of SO2, KS- injection of both KCl and SO2 and 2K – double amount of KCl 
injected. Source: Paper IV. 
The influences of KCl and SO2 on the formation of NO during the combustion of propane in 
air was investigated in Paper V using two different mixing approaches. One approach 
represented the fuel-rich part of a flame (FR-cases) and the other represented the oxygen-rich 
(fuel-lean) region (OR-cases). The results of both approaches are presented in Figure 37, where 
the OR-cases show much higher NO formation than the FR-cases, as anticipated. Four variants 
of the FR-cases and OR-cases were modeled, in which KCl and SO2 were included in the 
simulations, either separately or together. The results (Figure 37) show that while there are 
individual variations among the FR-cases and OR-cases, the OR-cases always have a 
concentration of NO >200 ppm at the outlet, as compared to the highest outlet concentration of 
10 ppm among the FR-cases. Figure 37 includes the NO concentrations (70–110 ppm) 
measured at the exit of the 100-kW unit for the same four cases with and without KCl and SO2. 
These are the average values taken from the continuous measurement made at the flue gas exit. 
 
Figure 37. Simulated NO concentration profiles using the two different mixing approaches (FR and OR). Shown 
are the results from all eight cases, as well as the experimentally measured concentrations at the outlet of the 
100-kW unit. Source: Paper V.  
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Figure 38 presents contour maps that are based on experimental data with measurements 
performed from port M2 down to M5. The figure compares the NO, CO and O2 concentrations 
as well as gas temperature in the reference case (no injection) and the KCl case. The are no 
significant differences found for neither CO concentration, O2 concentration nor temperature. 
For NO, on the other hand, there is a clear difference in concentration between the two cases 
with the reference case having the higher NO concentration. The general distribution is, 
however, similar also in the KCl case with two areas in the upper part around the center line 
and at 150 mm where the concentrations are very low.  
a b  
c d  
Figure 38. Color maps for NO concentration (a), CO concentration (b), O2 concentration (c) and temperature 
(d) based on experimental data obtained in M2-M5 comparing the reference case and the case were KCl is 
injected. The x-axis indicates distance from the vertical center line. Note that the measurements are performed 
in the same location in both the Ref and KCl case, the x-axis in the KCl cases are however mirrored making the 
comparison easier. Source: Paper V. 
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The CO, O2 and NO concentration profiles from an isothermal reactor operated at 1400°C are 
shown in Figure 39a and b respectively. The CO and O2 concentrations vary as the fuel and air 
injection changes but there are no variations between the three cases why only one case is shown 
that represents all three. In the beginning the mixture is fuel rich and the CO concentration is 
increasing until the fuel injection stops. When all CO is oxidized the oxygen concentration 
increases until also the air injection is turned off after which the concentration remains constant 
until the fuel injection is started once again. Due to the fuel injection the CO concentration is 
increasing until additional air is introduced, ait that oxidizes the CO and that brings up the O2 
level to its final concentration. The NO concentration varies substantially throughout the reactor 
as can be seen in Figure 39a. The formation of NO starts at 2.2 seconds in all three cases and 
continues until 6 seconds when the NO concentration immediately drops down to zero. After 
another 0.7 seconds the NO formation is rapidly initiated again and the concentration increases 
almost instantaneously; the formation rate becomes more moderate at 7 seconds but does not 
drop to zero.   
a  
b  
Figure 39. Concentration profiles showing the CO, O2 and NO concentrations throughout an isothermal 
reactor changing from reducing to oxidizing conditions, back and forth. The NO concentrations are shown in 
figure a for the reference case and with KCl and SO2 included individually. Source: Paper V.  
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7 Discussion  
The sulfur content is important for the efficiency of the sulfation process which is clearly shown 
in this work; it was found that the S/K ratio in the flue gases needs to be significantly higher 
than one to reach complete sulfation (i.e. when all K has reacted with S). In an actual process 
this could be a limiting factor independent of practical conditions. That is, whether or not the 
KCl problems are to be mitigated by means of introducing a second fuel or a sulfur-based 
additive. In the example presented in Paper I, a 55 % degree of sulfation is reached during co-
combustion of coal and biomass (90/10) and this results in a S/K ratio of 4.4. Now, 55 % is of 
course a noticeable level of sulfation but a higher degree of sulfation and/or a higher share of 
biomass can certainly be beneficial from both an economical and environmental perspective. 
The results from Paper I and Paper II, the latter also presented in Figure 28, show that this can 
be achieved if oxy-fuel combustion is applied. According to Figure 28a only one fifth of the 
sulfur is required in the OF 25 case compared to Air-fired conditions to reach complete 
sulfation. It is important to note that only homogenous gas phase reactions are considered in 
this work. In a commercial process, where solid fuels are combusted, the sulfation will be 
affected also by the overall fuel composition which will affect the availability of K and S in the 
gas phase. Solid fuel experiments need to be performed in order to examine if these effects will 
increase or reduce the benefit of applying flue gas recirculation, as found in this work. 
As already mentioned, sulfur has a major influence on the sulfation of KCl. There are, however, 
other parameters that cause the higher degree of sulfation found in the OF25 case compared to 
the Air case as can be seen in Figure 28b. In the sensitivity analysis performed in Paper II both 
residence time and oxygen concentration was found to influence the sulfation even though 
neither of them could explain the difference found between OF25 and Air, i.e. effects not 
already caused by an increased sulfur concentration. The increased CO2 concentration was, on 
the other hand, found to be capable to cause the difference. The increase in CO2 concentration 
in oxy-combustion will influence the CO chemistry which could have an important influence 
on the sulfation of KCl. If the CO is oxidized at temperatures lower than 1100°C, the degree of 
sulfation could approach 100 % instead of zero as the temperature is descending (Figure 29). 
Oxidation of a few ppm of CO is sufficient for temperatures below 900°C to see an increase in 
the degree of sulfation and the most pronounced effect observed is reached just before 0.1 vol.% 
of CO (Figure 30). In the work presented in Paper III it was also shown that for temperatures 
higher than 1050°C, for which no effect of CO oxidation was found after 10 seconds in 
residence time, the oxidation of CO still made the sulfation faster. This could be important in a 
real process where the residence time at certain temperatures can be a limiting factor. It would 
be desirable to perform lab scale experiments to verify this effect that, so far, only is based on 
the simulation work presented in Paper III.  
58 
 
The described sulfation process becomes kinetically limited for temperatures below 1000°C as 
shown in Figure 36. At higher temperatures the process is limited by equilibrium. Both 
equilibrium and kinetics are influenced by the overall gas composition which is seen when 
comparing Figure 35a and b. The equilibrium favors a complete sulfation for all gas 
compositions investigated in this work when sulfur and free oxygen is available. Obviously, if 
it would be possible to boost the kinetics where those are limiting and where equilibrium 
concentrations are high, then there would be a lot to gain from a sulfation efficiency perspective. 
This is important to consider when discussing about general measures to reduce alkali-related 
HTC problems for commercial combustion systems where the overall composition may vary.  
The reaction path analysis presented in Figure 31 shows that an increase in overall reaction 
activity in the OF25FG dry case compared to the other two that is larger than the increase in 
degree of sulfation. Comparing the AirFG and OF25FG dry case the degree of sulfation in the 
AirFG case is almost half of what is found in the OF25FG dry case. The overall reaction activity 
is on the other hand only one fifth making the difference in reaction activity larger than in the 
actual degree of sulfation. A noticeable difference is the increased formation of SO3, which is 
a result from desulfation of KHSO4 through which KOH and SO3 are formed. A similar net 
production of SO3 from the sulfation of KCl was also seen in Paper III when the reaction activity 
is increased due to CO oxidation. The influence of the SO3/SO2 ratio is discussed in the 
literature to be important for the sulfation; SO3 is typically assumed to be the most reactive 
form of the SOx species in the sulfation of alkali species. The results from Paper I, as presented 
in Figure 32, show that around 20 % of the sulfation proceeds via SO3 in both the AirFG and 
OF25FG dry cases despite the difference in reaction activity with respect to the formation of SO3 
itself, as observed in Figure 31. It is also shown in Figure 33 that the calculated SO3 
concentration along the PFR is much higher in the OF25FG dry case compared to the AirFG case. 
This is probably due to the much higher total amount of sulfur that is present in the oxy-fuel 
cases. On the other hand, the outlet concentration of SO3 is zero also in the case with wet flue 
gas recirculation, which also has a relatively high sulfur concentration. Over half of the K2SO4 
is formed via SO3 in the OF25FG wet case which of course affects the concentration of SO3. 
This might be caused by the much higher water as well as HCl concentrations. HCl seems to 
inhibit the sulfation, whereas water is shown to promote the sulfation (Paper I). The promoting 
effect by the water could be due to its influence on the oxidation of SO2 to SO3. When observing 
the comparison between measured and modeled SO3 concentrations in Figure 34 the 
measurement data never reached a zero signal (or concentration), which it should reach 
according to the calculations. It was also found from the experiments that the SO3 concentration 
increases for S/K ratios above five. The modeling, on the other hand, suggests no significant 
SO3 concentration at the outlet until a S/K ratio of 8 and 14 for the OF25M and AirM cases 
respectively. This is due to complete sulfation in both atmospheres. Thus, there is a clear 
difference between experimental and modelling observations: all SO3 is consumed by the 
sulfation in the calculations but not according the experimental data.  
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It has been shown in this work that oxidation of CO promotes alkali sulfation. It was, however, 
also shown that KCl could have a promoting effect on CO oxidation. The results (Figure 36) 
show a clear reduction in CO concentration during injection of KCl for oxy-fuel combustion 
experiments independent of the presence of SO2. It is also shown that the effect on CO oxidation 
is increased when the amount of KCl is doubled. No clear influence of KCl on CO oxidation 
could, however, be seen for the Air case. It is therefore suggested that a switch from N2 to CO2-
rich environments will increase the sensitivity of CO-oxidation to KCl injection. This theory is 
supported by the sensitivity analysis performed in Paper IV. Although it was not possible to 
reproduce the exact same scenario as was observed in the experiments it was still possible to 
see that the effect of KCl on CO oxidation changed from inhibiting to promoting conditions for 
temperatures in the range of 1100°C to 1400°C and for CO2 concentrations above around 
20 vol% (wet basis).  
According to both experimental and modelling results, both KCl and SO2 seems to influence 
the NO concentration (see Figure 37 and Figure 38a). The way by which the NO concentration 
is affected depends on the choice between the two additives. KCl inhibits the actual formation 
of NO, but SO2 on the other hand, promotes oxidation of NO to NO2. The later has a lower 
impact on the overall NO concentration and takes place in the post flame region whereas the 
effect of KCl takes place in the flame zone. The flame zone might be divided into two theoretic 
sub-zones: one fuel-rich and one fuel-lean zone, respectively. Both zones are included in the 
modelling work and there is a large difference in the NO formation between these zones (as 
expected), which is shown in Figure 37. 
Figure 39 presents the concentration profiles of NO (Fig. 36a), CO and O2 (Fig. 36b) in an 
isothermal PFR which was run at 1400°C where propane and air both are injected according to 
the profiles presented in Figure 26. With this approach, the conditions switch between reducing 
and oxidizing conditions. When observing the NO concentrations in Figure 39a the formation 
starts after about 2 seconds when the CO concentration decreases, i.e. in line with theory. The 
conditions found between 2.5 s and 3 s are similar to those around 80 cm in the FR case and so 
are also the results with most NO formed when nothing is added. Between 3 s and 5 s, and, 
between 7.5 s and 9 s, the conditions are oxidizing and the slope of the NO profiles are the same 
for all three cases which indicates that KCl and SO2 does not influence the formation under 
oxidizing conditions. After 5.3 s the NO formation increases, in all three cases, until 6 s into 
the simulation. The rates are however not the same in this time window with the least NO being 
formed in the KCl case. At this point, fuel is introduced to an oxygen rich environment similar 
to the OR cases in which the NO formation was stronger compared to the FR cases (Figure 37). 
What happens is that the KCl reduces the amount of both OH and H radicals in relation to the 
reference case. The same can be seen between 2.5 s and 3 s where there also was a clear 
difference between these cases with respect to radical pool composition. During the period 
between 6 s and 6.8 s when the CO is present and fuel is injected the NO concentration is rapidly 
reduced and is converted mainly into NH3 and HCN. These compounds form NO once the air 
injection starts again, but the NO concentration does not reach the same level as before (similar 
to typical fuel staging behavior). After the first rapid NO formation before 7 s there is a 
subsequent NO increase before 7.5 s in the reference case but not in the case with KCl. At this 
point, between 7 to 7.5 s, when all NH3 and HCN is consumed there is a peak in availability of 
OH and H radicals which also at this point is lower in the KCl case, compared to both the 
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reference and SO2 cases that results in a much slower NO formation. No further analysis of 
what happens after 6s in Figure 39 is included in this work but an investigation for similar 
conditions is recommended for future work since it involves reactions and species associated 
with reburning and NO formation from fuel-related volatiles. 
In Figure 38 it is shown that there are no or low levels of NO where both the oxygen and CO 
concentrations are high. However, at about 50 mm from the reactor center line, there is a 
relatively high NO concentration. This is the reaction front where the highest temperatures 
occur and the main part of the combustibles are mixed with oxygen. 
It is worth mentioning that the injection of KCl was done in the form of an aqueous solution 
that was sprayed into the flame. This set-up could potentially influence the mixing as well as 
the temperature in the flame. The mixing is a limiting step in the oxidation of a fuel during 
flame combustion. Increasing the mixing would increase the probability for oxygen and 
fuel/CO to react and this would hence tend to improve CO oxidation. As mentioned, a spray 
could potentially also lower the flame temperature a fact that could have a reducing effect on 
thermal NO formation. Injection of pure water was therefore conducted as a reference since any 
of these effects would occur also for such a set-up. Any difference in both CO and NO 
concentration between injection of water and KCl is assumed to be an effect of KCl. It was 
shown in Figure 38 that the injection had no significant impact on the flame temperature. The 
NO concentration was lower also during injection of pure water compared to the reference case 
but it was reduced even further during KCl injection. For our experimental conditions, water 
had a small but inhibiting effect on CO oxidation, i.e. opposite to what was found for KCl. The 
effect found during injection of KCl on both NO formation and CO oxidation is therefore 
assumed to be of chemical nature rather than a thermal or mixing effect created by the spray.  
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8 Summary & outlook 
The use of biomass and waste as fuels for combustion processes is expected to increase during 
the coming years since this represents a possibility to reduce fossil CO2 emissions. The 
relatively high content of alkali metals and chlorine found in biomass compared to coal 
increases the risk for problems related to deposition and high-temperature corrosion. The 
related chemistry is therefore important in order to utilize the biomass in the best way possible, 
i.e. in order to maximize the thermal efficiency in power plants. This work focuses on the K-
Cl-S chemistry relevant for combustion in flames, sulfation of KCl and the influence of these 
species on the CO oxidation and nitrogen chemistry. The work includes experiments performed 
in a 100 kW combustion test unit together with kinetic modelling performed using Chemkin. 
Sulfur is mainly found as SO2 in the flue gas and SO2 promotes alkali sulfation. Coal has, in 
general, a higher sulfur content compared to biomass and therefore more alkali sulfates will 
form when biomass is co-combusted with coal. Alkali sulfates are less problematic with respect 
to HTC compared to alkali chlorides and it is therefore beneficial to co-combust coal and 
biomass from an HTC perspective. The concentration of SO2 will be even higher during oxy-
fuel combustion compared to air combustion, and, as a result, the degree of sulfation will 
typically be higher for oxy-fuel compared to air-combustion, as also observed in the presented 
experiments. Thus, the main reason for enhanced sulfation is the higher concentration of SO2 
in oxy-combustion but oxidation of CO also has an influence. The latter is found to increase the 
kinetics, especially at temperatures for which the sulfation is kinetically limited. In addition, 
KCl seems to have a promoting effect on CO oxidation for high temperatures and CO2 
concentrations.  
The relation between SO2 and SO3 influences the formation of alkali sulfates according to the 
simulations. SO3 may enhance the sulfation but the SO3 concentration is less important when 
the overall SOX concentration is high. A high water concentration has also been shown to favor 
sulfation via SO3 which increases the importance of SO2 oxidation also for high S/K ratios. The 
experiments does, however, indicate that not all SO3 has to be consumed by the sulfation. 
The formation of NO differs strongly between fuel rich and fuel lean conditions and this has to 
be considered when performing calculations, especially when using a PFR model. In such a 
case no radial mixing is considered and it is there for common to follow one specific path for 
example the center line of a flame which could influence the results. It is also found that the 
nitrogen chemistry can be influenced by both KCl and SO2. KCl is found to inhibit the formation 
of NO via its interactions with the radical pool. SO2, on the other hand, does not seem to 
influence the formation of NO but instead promotes its oxidation to NO2 during post flame 
conditions.  
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The present work has shown that there is a potential to mitigate HTC related problems that are 
connected to alkali species and chlorine during biomass combustion in oxy-fuel atmospheres. 
HTC issues in oxy-fuel combustion are therefore expected to be easier to handle compared to 
conventional air-fuel combustion systems. These findings are based on isolated gas phase 
reactions. In a real solid fuel combustion system the sulfation will also be influenced by the 
release of gaseous species together with ash-related reactions. How this chemistry is influenced 
when switching from air-fuel to an oxy-fuel system will be important for the sulfation of alkali 
metals in a real combustion system. Future work is therefore suggested to include experiments 
that examine the behavior of biomass fuel particles during oxy-fuel combustion. 
It is also suggested that future work should include bench scale reactor experiments. In such a 
reactor, the fundamental chemistry can be controlled and investigated in more detail in order to 
obtain an improved understanding of the CO-KCl and K-S-N interactions found in this work. 
The interaction between alkali species, soot and aerosols is another important area that needs 
further advancement. 
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Nomenclature 
BECCS Bio energy with carbon capture and storage 
BLPI Berner low-pressure impactor 
CCS Carbon capture and storage 
CFB Circulating fluidized bed 
CPC Condensation particle counter 
d50 Size of particles collected with 50% efficiency 
DMA Differential mobility analyzer 
DOAS Differential optical absorption spectroscopy 
DLPI Dekati low-pressure impactor 
FB Fluidized bed 
FTIR Fourier transform infrared spectroscopy 
HTC High temperature corrosion 
IACM In situ alkali monitor 
IEA International Energy Agency 
IR Infrared 
LPI Low-pressure impactor 
NOX Generic term for nitrogen oxides; NO and NO2 
PFR Plug flow reactor 
SMPS Scanning mobility particle sizer 
SOX Generic term for sulfuric oxides; SO, SO2 and SO3 
UV Ultra violet 
VT-DMA Volatility tandem differential mobility analyzer 
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